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PREFACE 


Shortly after the publication in 1929 of The Foundations of Experi- 
mental Psychology, it became evident that it would be physically difficult 
to make single-volume revisions of that book. A choice had to be made 
between revising in several volumes or revising major subdivisions of the 
original book under separate titles. The latter choice was finally made 
and the first step in that direction was the publication of A Handbook of 
Child Psychology. The publication of this volume under the title, A 
Handbook of General Experimental Psychology, is the second step, and 
the complete enterprise will be consummated with the publication of 
A Handbook of Social Psychology, 

Two or three of the chapters in this volume have not been greatlv 
modified since their publication in The Foundations of Experimental 
Psychology, The explanation for this is that there has not been a great 
deal of new experimental material made available in the fields represented 
by these chapters. Several of the chapters have been entirely rewritten 
for this revision »and several of the chapters are entirely new. The Editor 
is gratified to announce that Dr. Troland finished the revision of hia 
chapter just a few weeks hef6re-his death. 

There has nbt been any attempt to include chapters on the so-called 
higher mental processes. The explanation is that the divisions of the vol- 
ume are vertical and not horizontal. 

The Editor wishes to express his gratitude to the authors who have 
labored in this enterprise and to Dr. Luberta Harden, who has prepared 
the manuscripts for the print^ and supervised the progress of the book 
through the press. The subject index has been made by Dr. Wallace Craig, 

Carl Murchison 

Clark University 
Worcester, Massachusetts 
July 17, 1934 
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CHAPTER 1 

THE STUDY OF LIVING ORGANISMS 
W. J. Crozier 

Harvard University 
AND 

Hudson Hoagland 

Clark University 

‘‘Scientific psychology is a part of physics, or the study of nature; 
it IS the record of how animals act. Literaiy psychology is the art 
of imagining how they feel and think.” 

Santayana, Scepticism and Animal Faith 

I 

Introduction 

The description and interpretation of the properties of living organisms 
encounter hazards more varied and insidious than those attending the 
scientific treatment of non-living objects. Even in the latter case, to be 
sure, description and interpretation are statements of properties of the 
observer and the theorist. By science one understands the unresting 
attempt to obtain a comprehensive, satisfying account of the universe 
and all that it contains; the essence of this account, as .science, is that 
it must be based upon the fewest possible assumptions. Why such an 
attempt should be found satisfying presents a problem into wdiich wc 
need not now inquire. It has been most successfully pursued in the 
realm of physics. Until about 1800 physics had been concerned with 
the formulation of a conception of phenomena as they might be described 
in terms of “forces” acting between one body and another. More 
recently it has come to deal with ideas of a higher order of complexity, 
according to which the energy of a material system is regarded as con- 
trolled by the configuration and motion of the system; it is thus concerned 
notably with aspects of physical systems transcending any complete analy- 
sis of details. The parallel with the problem of biology is suggestive. 
From the examination of the properties of elementary aspects of conduct 
or behavior, it is probable that progress may be made toward the real 
understanding of more involved, more complexly integrated, features of 
organic action and control. 

The biological system presented by a single individual, no less than 
that which may be conceived to be presented by any association or society 
of different individuals (Wheeler, 1928), is obviously not a “thing,” a 
single event, but a system of relations. It is these relations which must 
be defined through investigation. To do this there is required a pro- 

[3] 
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cedure which is essentially quantitative and mathematical in character. 
Quantitative treatment is not merely a matter of numbers and arithmetic. 
It is fundamentally and primarily concerned with relationships of func- 
tional dependence. This view is attractive because of its historical 
success in physics; it is also easily supported by appeal to ordinary sense. 
The common-sense process of defining units gives this view great force. 
“The most important step in the progress of every science is the measure- 
ment of quantities. Those whose curiosity is satisfied with observing 
what happens have occasionally done service by directing the attention of 
others to the phenomena they have seen but it is to those who endeavor 
to find out how much there is of anything that w^e owe all the great 
advances in our knowledge” (Maxwell, 1908). The measurement of 
quantities, which is necessary for the production of statements of func- 
tional dependence, implies Units of measurement possessing definite 
dimensions, using “dimensions” in the sense of physics. The relation- 
ships between measured features of the performance of an organism and 
values of a known controlling variable supply the materials for state- 
ments of functional dependence. To be really satisfying and productive, 
these formulations must be rational, not merely empirical; the constants 
they contain must have a testable significance. 

Everything which a living organism does, including, for example, the 
events of its development, might be termed an aspect of its “behavior”; 
such an attitude leads to vagueness, and the several attempts which have 
been made at the general discussion of the conduct of organisms on this 
basis have not been exactly fruitful. The employment of incompletely 
worked-out analogies between properties of non-living systems and of 
organic conduct, such as one frequently discovers in discussions of the 
“emergent” quality of organisms and of the configurationist modes of 
interpretation, is neither satisfying nor in any sense intrinsically pro- 
ductive. What is required is formulation of conduct in such a way as 
to permit measurable prediction of behavior. It is unfortunately true 
that many persons, no matter how intelligent, logically acute, and 
imaginatively alive they may be, are frequently paralyzed by the sight of 
a mathematical symbol. It has been the case in biology that the com- 
plexity of its phenomena has, on the whole, tended to encourage the 
emotional bias of this type of worker. It is sufficient to point out, 
however, that it appears to be an inescapable phase in the development 
of biology that there must ensue a long period of at first more or less 
unsuccessful attempts to obtain functional formulations of the properties 
of organisms before it will be worth while to discuss the question as to 
“whether non-physical attributes must be assigned to them. 

It is sometimes supposed that the changing viewpoint in modern 
phti^cs, altering the conception of nineteenth-century mechanics, is 
^ unfavorable to those who have worked for a “mechanistic” interpretation 
of yital> processes; the efficient reply is that the aim of mechanistic inter- 
pretation is to attain a basis for the common treatment of living and of 
nonliving ob|ects. , Ti'he emotional rebellion at the thought that man 
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may be a machine is largely based upon an inadequate conception of what 
a machine may be; nor does the development of now outworn notions 
about physical ‘‘machines” imply in any proper sense that these must 
be granted organic or quasi-biological properties. For this reason, one 
need not devote much time to the rather futile quarrel supported by 
those who stress the “non-mechamcal,” by implication non-mat hematical, 
properties of organisms. The behavior of organisms presents from this 
standpoint what is unquestionablv the most difficult of biological themes. 
This is in one sense its major attraction. If we consider for a moment 
the parallel provided by the state of theory dealing with facts of inheri- 
tance as it existed previous to 1900, and compare this with the solid, 
rational, theoretic structure of genetics which has been reared in the 
short time elapsing since then, on the basis of what is essentially a 
simple mathematical conception (Morgan, 1926) embodied in a theory 
of the gene which is in reality independent of any chromosomal or other 
crude mechanism, it is easil}" seen that there is abundant ground for 
encouragement. 

Such advances are at bottom the result of a persisting tendency to 
extend to the most complex phenomena the general principle of the uni- 
formity of nature and of the continuity of physical laws in space and 
time. The deduction of the composition and physical state in the interior 
of a^ distant star presents no more serious logical difficulty than does 
the interpretation of the behavior of an organism. In fact, there are 
certain instructive similarities. In the case of a distant star, the analysis 
must be made by indirect methods, since the material of which it is 
composed is not directly open to experimental handling. With an organ- 
ism, the properties which may most concern us are more than likely to 
be obliterated as the result of any attempt at grass interference— again, 
the repisite analysis must proceed by somewhat indirect channels. 
Astrophysical deductions, the results of “boring into distant stars,” can 
be checked by testing the consequences of the mathematical implications; 
as yet, no monumental failure has attended this procedure, which involves 
(again as in the case of an organism) descriptions of systems which are 
altering as a function of time. Similarly, the results of analysis of the 
conduct of organisms are also to be checked by examination of the mathe- 
matical implications of the treatment as they permit predictions open to* 
test. 

Historically, and perhaps largely owing to the association of academic 
philosophy with psychology, the development of such an attitude has 
been hampered by the impulse to work from a “general,” all-inclusive, 
theoretical interpretation, before data making an interpretation possible 
have be^n obtained. To secure such data is a primary task of the experi- 
mental investigation of conduct. At one time it was supposed that this 
undertaking would proceed most easily on the basis of experiment with 
the aUegedly simpler uniceUuIar (better, non-cellular) forms, in which 
elements of conduct in general might be recognizable. But it is 
easily seen that the investigation of irritabAity and transmission ought to 
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be most productive when one is able to deal with living structures in 
which these particular activities are available in the most unobscured, 
isolated, best-developed ways. It is upon the results of such investi- 
gations that it becomes possible to construct an increasingly more and more 
complete picture of the events which succeed one another in the chain 
of disturbances initiated in a sense-organ, transmitted over nervous or 
nerve-like pathways, entering into competition with other similar dis- 
turbances in the central nervous system of higher animals, and ultimately 
leading to the release of energy in muscles, glands of various kinds, and 
other effector parts. l"he attempt to obtain laws of behavior, however, 
which shall be descriptive of behavior as such, can probably not be 
obtained with sufficient completeness by that procedure. It is specifically 
with this problem that we shall be concerned, seeking to illustrate ( 1 ) the 
definition and inteipretation of elements of organic performance through 
their relationships to magnitudes of known variables; (2) the examina- 
tion of such typical formulations by s.vnthesis ot more complex situations, 
as a test of predictive pow’er; and (3) the real significance of variability 
of performance. 

II 

Analysis of Conduct — Simple Tropisms 

Elements of action in organic behavior which may submit to rational 
quantitative treatment were recognized by Loeb (1918) in the machine- 
like tropistic orientations of plants and animals. Since the anatomical 
basis for such actions is quite different in diverse organisms, but the 
behavior element dynamically identical, it is clear that the quantitative 
formulations arrived at refer to the behavior, and not to specific accidents 
of structure (such as the possession of a nervous system). 

I'he primary assumption of the tropism doctrine is that, in instances 
properly regarded as falling under this description, the enforced move- 
ments resulting in orientation cease when the organism is equally affected 
upon its two symmetrical sides (Loeb, 1890, 1897, 1918). Such move- 
ments are regarded as forced because they are inevitable from the 
structure of the reacting organism and the presence of appropriate sub- 
stances^ in its sense-organs (or in one or more areas serving as loci for 
excitation) symmetrically arranged. The term ‘^forced movement^* was 
at first introduced into such discussions from brain physiology (Loeb, 
1918), but the wider understanding of the underlying notion more 
easily permits embracing relevant features of the behavior of plants and 
lower organisms, as well as those in certain higher animals, within the 
scope of a single interpretation. Dynamically, the circling motions of a 
dogfish forced to swim in spirals to the right when its left lower optic 
, lobe been removed are entirely comparable to the predominantly 
,right-h^nd direction of swimming (Parker, 1914) in an uninjured dog- 
fish with it$^ left nasal sac plugged with cotton and in the presence of 
juices diffusing from crushed meat. The tonus of swimming muscles 
on one side has, in the first case, been lowered by interruption of nervous 
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pathways, and on the heteronomous side reflexly increased; in the second 
case the difference in tonus has been brought about by continuous uni- 
lateral excitation.^ 

A quietly creeping meal-worm (larva of Tenehrio), or a diplopod 
such as Spirobolus, responds to the impress of unsymmetrical tensions on 
its musculature, as when the body is bent in an arc, by a prompt niove- 




FIGURE 1 



Stereotropic Orientation of Larval Tenehrio {a, h, Successive Positions)/ 
AND Reflex Homostrophic Orientation Released (at c) When 
Source of Contacts Is Removed 
(From Gen. Physiol.) 



FIGURE 2 

Balanced Action of Equal Bilateral Contact Shown in Pursuit 
of a Straight Course {a) 

Removal of contact plate on one side {b) is immediately followed by 
stereotropic bending (c). 

(From J, Gen. Physiol.) 



A Larva in Stereotropic Orientation tovtard Unilateral Contact {a) Re- 
sponds BY Lesser Stereotropic Curvature When a Less Ecxtensive 
Contact Is Introduced at the Other Side [h) 

(From J, Gen. Physiol.) 


^Cf. Loeb (1918), Kafka (1914), Hempelmann (1926), Oppenheimei and Pin- 
cussen (1925-27), and Rose (1929) for convenient bibliographic citations, and 
the detailed annual review in Kohler (1925 to date). 
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A* Stereotropic orientation of young rat or mouse at the corner of a box along 
one side of which it has been creeping, 

B, A young rat or mouse has been creeping in contact with the side of a box 

(dashed outline) ; the removal of the box results in partial orientation 
toward that side. 

C, A young rat or mouse creeping in a passage-way between two boxes, just 

wide enough to permit gentle contact on either side during the animal’s 
swaying progression, is found to emerge from the passage-way without 
orientation. Equivalent bilateral stimulations prevent stereotropic turning, 

Z). An individual emerging from equal bilateral contacts with two boxes pro- 
ceeds in a straight path, without orientation; but if one of the boxes be 
removed (dashed outline), it promptly orients toward the remaining one. 

E. Contact at one side with the corner of a box may lead to orientation toward 
that side, apparently due, in part at least, to more intense tactile excitation 
than is provided by a continuous flat surface (or by smoothly rounded 
corners), 

P, When such a corner is passed, orientation persists toward a continuing con- 
tact on the opposite side. 

C, When blocks providing lateral contacts are of unequal extent, the young rat 
or mouse orients toward the side of more extensive contacts but does not 
completely turn the corner unless the difference in extent of the two blocks 
is more than half the length of the animal This, the expected result from 
, -a tropistic standpoint, is obtained when the corners of the contact blocks 
are smoothly rounded. 

(From A Gen, Physiol,) 
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ment of the anterior end which, as with an earthworm simiiarl,v treated 
(Morgulis, 1910), results in the alignment of the axis of this end parallel 
to that of the posterior part (Moore, 1922-23; Crozier and Moore, 1922- 
23; Crozier, 1923-24^?^ 1923-24Z>). Contact with a lateral surface 
inhibits this response (Figure 1). The balanced action of equal zones 
of contact on either side results in the pursuit of a straight -course (Fig- 
ures 2 and 3). Similar effects are obtainable in other forms, for 
example, in young mice and rats (Figure 3) ; they illustrate the manner 
in which asymmetric excitation results in forced redistributions of ten- 
sion in orienting structures, these differentials ceasing when excitation has 
become equalized on the two sides. Differences in structure from one 
kind of animal to another do not alter the fundamental character of the 
response. 

The theory of the phototropic movements of insects considers the 
forced orientations under illumination as due to the effect of asymmetric 
sensory excitation upon the postures of opposed appendages (Holmes, 
1905, 1916; Garrey, 1918-19; Kropp and Enzmann, 1933-34). It is 
not always clear to what extent the frequencies of phasic limb movements 
(Cole, 1922-23) and the postural influence upon effective lever action 



A B 

FIGURE 5 

A . Showing Positions of the Locomotor Appendages in a Swimming 
Ranatra FROM Which Both Eyes Have Been Removed 
The two limbs of a pair move synchronously and in phase. At the conclusion 
of the stroke (dashed lines) the legs are slightly more extended than at the 
beginning of the stroke (full lines) ; as the beat of the anterior legs is concluded, 
the posterior pair is moved to a position comparable to the initial position of the 
anterior limbs; thus the two pairs move in alternate phase, 

R. Asymmetric Tonus in Legs of a Swimming Ranatra from Which One 
Eye (Right) Has Been Removed 

The legs on the blind side assume positions comparable to those of the appendages 
of a completely de-eyed Ranatra (Figure 5, A). On the eye side the tonus of 
leg flexors is increased. This results in hydrostatic tilting of the whole body 
at rest. In swimming, the two legs of a pair move synchronously but the greater 
flexor tonus on the eye side is maintained throughout the execution of the swim- 
ming stroke, so that the extension of the left legs during the propulsive motion 
(arrows) is less than on the relatively atonic right side. The animal accordingly 
swims continuously in a circle toward the eye-bearing side, 

(From Jn Gen, Physhl) 
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of the legs in progression have been separated as they are concerned in the 
turning movements (Mast, 1923, 1924; Baldi,^ 1922; Baldus, 1927). 
However, in sufficiently uncomplicated cases the role of posture is obvious. 
If one eye of the water scorpion Ranatra be removed (or covered), the 
insect under v^ater continues for a long peiiod to circle toward the 
remaining eye if it is illuminated from above. During creeping, in air or 
on vegetation under water, the opposite legs of each locomotor pair are 
used alternately, the diagonally opposite legs being in phase; but in 
swimming under water the legs of a morphological pair work synchro- 
nously, in phase, the two pairs alternating in the execution of the propul- 
sive stroke. If both eves have been covered or removed, and the animal 
put in a large C3dindrical tank illuminated from a single source of light 
directly above, the Ranatra stays near the surface and moves irregularly. 
But if only one eye has been prevented from receiving excitation, the 
positively phototropic swimming, due to the greater extension of the 
legs upon the blind side, results in circus movements toward the side 
of the functional eye (Figures 4 and 5). 

It should not he supposed that emphasis upon activities of this type 
seeks to imply that all the movements of organisms are tropistically regu- 
lated, A point which will bear restating is the distinction Loeb first 
drew between phototropic movements and responses to change of intensity 
of light (Loeb, 1918) ; the latter, for example, in the case of motile 
forms reacting negatively to increase of illumination, produces “shock 
reactions” and aggregation in relatively shaded areas — and has nothing 
to do^ with the phototropism, positive or negative, which they may also 
exhibit at the same time (Crozier and Arey, 1918; Arey, 1921). In 
many cases major features of the behavior of animals, involving actions 
of prime significance for their perpetuation, are obviously consistent with 
modes of tropistic response which experiment under controlled conditions 
may reveal, but it is also true that curious instances are encountered in 
which there exists superficially a striking exception to this state of 
affairs. The behavior of Onchidium floridanurn, for example, exhibits 
a number of arresting features (Crozier and Arey, 1919-20; Arey, 
1921), This is a small shell-less pulmonate which lives in holes and 
crevices of the limestone shore between tidal limits. Each inhabited 
cavity shelters, when the tide is in, a group of the mollusks. As low 
water approaches, and if the weather is fair, but only once in the twenty- 
four hours and only during daylight, the animals emerge one at a time 
from the “nest” and wander for limited distances over the algal carpet 
of the rocks, on which they feed. Before the tide rises again, the indi- 
viduals emanating from any one nest simultaneously return to that nest. 
Certain possible factors in the control of this “homing” behavior have 
been, considered. In the laboratory or on an artificial surface in the 
field ^ Onchidium floridanum is negatively heliotropic. It also reacts, 
definitely to quick reduction of the intensity of light. The tentacular 
eyes are of no significance for these responses, which are mediated by 
integumentary receptors. Yet the mollusks emerge from their crannies. 
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only in the daytime, and in their natural movements on the sh^re they are] ^ 
in no sense guided or directed by the light. It was possible to show .tha't 
the phototropic responses are completely inhibited during the creeping 
of these animals upon the rocks immediately surrounding the specific 
home site. Removed to a new location, whether inhabited or not by 
other colonies of the same form, Onchidmm jloridanmn is at the mercy 
of its heliotropic response and of its retractive response when shaded; 
it is thereby prevented from finding a new “home” before the tide rises, 
and becomes washed away. In Cuba, upon the other hand, another 
species of Onchidiurn has been found (Crozier and Navez, 1930) to 
occur only in shaded places, and is free from the necessity of returning 
to its specific home, although otherwise its behavior is similar ; the 
natural movements of this form on the shore are entirely consistent with 
its negative heliotropism. 

The fact that tropistic reactions may be modified through experience or 
experimental treatment does not at all alter their significance, remove 
their mechanical nature, or destroy their utility for analytical purposes 
when they are exhibited. The modification, or, as in the case of Onchi- 
diunh the suppression of such responses, presents merely an inviting oppor- 
tunity to discover the molecular mechanisms whereby such modification 
may be produced. The chemical control of phototropic movements and 
of their positive and negative character (Loeb, 1918) remains to be 
developed as a means to this end. A quantitative treatment of tropistic 
behavior is essential if the understanding of conduct is to be furthered in 
this respect. By “quantitative” one does not imply simply that which 
has to do either with numbers of observations or of animals, nor yet 
merely numerical data which may be submitted to statistical treatment. 
One does imply the discussion of numerical data which may be accorded 
analysis in terms of intelligible theory; the “quantitative” has significance in 
the light of functional interrelationships which the analysis may reveal, 
and of the tests which it suggests. 

From this standpoint the recognition and the characterization of a 
particular tropism and its modifications in a specified organism is scarcely 
an exciting end in its own right. The tropism in question may become, 
however, a powerful instrument of analysis under suitable conditions. 
If it can be shown, for example, that in controlled circumstances the 
direction of movement of given animals may be predictably determined 
even when more than one orienting force is at work, we then have a 
means (as yet in an elementary state of development) whereby a real 
test of theories of oriented movement may be applied. Illustrations of 
this will be given. Moreover, this general procedure may be employed 
to obtain information about central nervous states and conditions not 
otherwise approachable; the mechanism whereby the central nervous 
system of a given animal functions in the integration and adjustnient of 
the effects of competing modes of excitation, originating in different 
peripheral areas, must be undertaken by some such mt^thod. 

If the tropistic behavior of animals is in any real degree that of orient- 
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ing machines, it must be possible to deal with such problems as the 
following: Knowing the orienting efficiency of light of a particular 
composition, from a single source, it should be possible to predict the 
form and amount of the orientation when lights from^ two similar sources 
play upon the animal. The question is but deceptively simple, yet in 
certain essentials it can be answered. The answer is based chiefly upon 
the single assumption of the tropism concept, namely, that forced orienta- 
tion ceases when equivalence of bilaterial excitation is attained; it involves 
quantitative knowledge of the connection between light intensity and 
orienting efficiency, with certain implicit assumptions (which can be 
tested) regarding the central nervous interplay between excitations of 
different peripheral origins. 

In the negatively phototropic slug Limax maximus the eyes are the 
effective photoreceptors. With illumination from above, a dark-adapted 
Limax from which one eye has been removed circles continuously toward 
the non-stimulated side. The circling posture is continuously maintained 
until photic adaptation supervenes. The posture of the body is due to 
differences in the maintained tensions of the muscles of the two sides of 
the body-wall. The tension difference is maintained only under illumina- 
tion, and disappears in darkness. With care to insure absence of air 
currents, odorous stimulation, and the like, and with proper selection of 
phototropic individuals, a measure of the orienting posture is easily 
secured. ' The experiment is particularly significant because the muscular 
mechanisms for creeping and for turning are structurally distinct in such 
gastropods (Arey, 1921; Crozier and Navez, 1930), although the two 
are nervously interrelated in such a way that faster progression (con- 
trolled by the release of pedal waves) is correlated with less effective 
turning. The two mechanisms can be separated in an analytical way 
through their relations to temperature (Crozler and Federighi, 1924-25^z, 
1924“25c) and in other ways. With comparable speeds of progression, 
the phototropic effect is measured by the ratio degrees turned per centi- 
meter of path^ which describes the slug^s posture. 

While it might seem to be a matter of simple common sense, it is 
nevertheless necessary to emphasize that for such experiments selection of 
individual animals is just as necessary as control of light intensity and of 
temperature. A confusion unquestionably exists as to the objective of 
such experiments; it seems to be supposed at times that the purpose is to 
examine a random lot of individuals of a particular sort and to note 
whether they are phototropic. This kind of inquiry can result, at best, 
rin statements to the effect that under such-and-such conditions x per cent 
.of the organisms were seen to respond, which tells us precisely nothing 
the character or the measurable attributes of the response when it 
r^^i^Jbiled. At the moment we are concerned to discover the relation 
Jight intensity and orienting effect in phototropic Liniax^ and 
' to [such as are easily produced at will by certain 

treafm^ (Crozier and Libby, 1924-25)] are of no. 
to’tetes't- i' ", 'v,, , , 
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It turns out that the circus-movement effect, expressed as the amount 
of turning per unit length of path, is directly proportional to the log- 
arithm of the light intensity, over a fairly wide range (Figures 6, and 
7). This kind of relation is often labeled “Weber’s law,’’ apparently 
with the thought that it is thereby explained. The status of the Weber- 
Fechner formulation in relation to photic excitation has been adequately 
treated by Hecht (1918-19, 19I9-20«, 1919-20^-, 1922-23, 1923-24, 
1924-25) ; certain more general considerations will be referred to subse- 
quently. It is important to realize that such empirical relationships may 
be useful, where formulations of greater theoretic implication are clumsy 
or unmanageable. There are other methods whereby the orienting power 
of light from a single source can be expressed (Wolf and Crozier, 1927- 



d be 

FK5URE 6 

Typical Phototropic Circus Movement Trails qi- Umax 
(From Gen. Physiol,) 





FIGURE 6a 

Circus Movement Trails of Youm Rats with One Eye (the Right) 
Removed, the Eyelids of the Other Not Yet Parted 
Illumination from a single source, vertically above the center of the creeping 
stage. Intensities of illumination (foot candles) measured photometrically at 
the creeping stage. Scale 1:10. These trails are typical. The amplitude of the 
orientation movement increases with the intensity of the light This is in part 
due to the fact that the animal creeps little but turns constantly. The records 
were obtained by following the positions of a marked spot at shoulder level on 
the animaPs back as seen against a system of coordinates in white lines upon 
a black doth covering the creeping stage. 

(From /. Geff, FhyisioL) 
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FIGURE 7 

Data from Experiments by Crozier and Cole on the Circus Movements 
OF THE Slug Umax 

One eye-bearing tentacle has been amputated; illumination is from directly above; 
the measure of circling posture is given by angular deflection per unit length 
of path; mean values of this quantity are plotted against corresponding values 
of log It vfhere 1 is the intensity of illumination at the photoreceptive surface of 
the remaining tentacle, Light-adaptation being slow, the circling movement should 
continue for some time, which is the fact; and the tropistic effect should^ be 
independent of the animal’s position, inasmuch as only one eye is functioning. 
The effect is expressed as a difference in tension reflexly established on the two 
sides of the body, continuously maintained during continuous excitation. This 
postural effect is proportional in magnitude, over the range of illuminations 

used, to log /. 

28; Crozier and Wolf, 1927-28; Yagi, 1927-28), but their explanation 
involves additional considerations. In general, however, they lead tO' 
two forms of relation in different cases: The orienting power is directly 
proportional to the light intensity or, more commonly, to its logarithm. 
Both relations are consistent with elementary photochemistry and with 
the fact that for the production of a given threshold (measured) photo- 
sensory effect with light of a given intensity the Roscoe-Bunsen law (or 
Talbotts law) is adequately obeyed (Loeb, 1918; Hecht, 1919-20^?, 1919- 
20^: Northrop and Loeb, 1922-23). 

. When circus-movement effects are studied under proper conditions 
1 (Cole, 1922-23; Crozier and Federighi, 1924-25^:, 1924-25c), the illu- 
, riiihidon, of the organism does not change during orientation, and the 
.ir^tilting data should permit one to predict the form of the resulting 
pjathwayj whep a phototropic organism is illuminated from one side. In 
a which it has been attempted to investigate circus 

itnovonitont^ on a horizontal surface with horizontal illumination it has 



w. J. CROZIER AND HUDSON HOAGLAKD 15 

been recorded that a phototropic animal with one eye C(;veied at first 
performs circus movements in creeping toward the light, but that after 
successive trials it may come to creep directly toward the light. It has 
been suggested that this phenomenon simulates learning and miglit be 
due to the gradual elimination of motions tending to carry the animal 
away from the light, and thus to a kind of psychic effect connected with 
repeated excursions toward the light. It has been shown, however, 
that under these conditions there intervenes a simple photic adaptation 
bringing about a lessened effectiveness of the excitation upon the func- 
tional eye (Crozier and Pincus, 1926-27 bj Clark, 1928). The case is 
sometimes complicated by the kind of effect which has led to von Budden- 
brock's (1917, 1918, 1933) conception of Lichtkompasshewcgung, namely, 
that since a positively phototropic caterpillar may approach a small source 
of light in its own plane along a spiral path even, with one or more 
turnings about the light, it is really responding in such a way as to 
put its body axis at a constant angle to the light rays reaching it from 
moment to moment. This behavior has been examined by Crozier and 
Stier in larvae of Malacosoma (tent-caterpillars). A path such as von 
Buddenbrock requires would be a logarithmic spiral, which has well- 
known simple properties. I'he actual paths do not exhibit these proper- 
ties. Therefore the Lichtkampass effect need not be invoked in such 
cases, and, indeed, is no explanation. The spiral paths aie, in fact, due 
to the simultaneous exhibition of two separately identifiable modes of 
response. The orienting effect of the light increases the tonus of longi- 
tudinal muscles on the illuminated side, and the bending of the cater- 
pillar's body so produced evokes the body-straightening movements which 
constitute the homostrophic reflex (Morgulis, 1910; Moore, 1922-23, 
1923-24; Crozier and Moore, 1922-23; Crozier, 1923-24^3:, 1923-24//). 
The animal consequently proceeds under the simultaneous influence of 
two directive vectors — one, increasingly preponderant with closer 
approach to the light, directed to the light and varying as the inverse 
square of the distance (or its logarithm) ; the other, leading by itself 
to tangential motion with constant speed, is expressible as of constant 
magnitude. The actual path represents a continuous adjustment between 
these two forces, and trails of the kind found are easily obtained by 
graphical construction on the assumption that they are the efficient con- 
trolling elements; and the equations of such loci have been obtained. 

It is sometimes voiced as a reproach that the simplification involved 
in quantitative experimentation requires “unnatural conditions'’ — what- 
ever “unnatural” may be supposed to mean. An instructive instance is 
supplied by the phototropic circus movements of Limax. Experiments 
over a range of temperature show that in the performance of circus move- 
ments under light of constant intensity two chief factors are involved— 
the rate of creeping and the amplitude of turning. The structural basis 
for each is distinct, but the two are functionally interrelated. Within a 
zone of temperatures in the immediate neighborhood of which 

probably would be commonly accepted as “normal” for this animal, the 
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FIGURE 8 

The Ratio, Degrees Deflection: Cm. Length of Path, in Circus Movements 
OF Limax under Constant Vertical Illumination, as a 
Function of Temperature 

Several independent deteiminations shown as triangles. The curve A-B is a 
theoretical one, such that jx=16,800. 

(From /. Gen. Physiol.) 



FIGURE 9 

The Rate of Creeping of Lim,ax during Circus Movements under Constant 
Illumination at Different Temper aitjees 
(From J. Gen. Physiol.) 

response is distinctly more variable, quantitatively, than at temperatures 
either higher or lower. Above 16” the amount of turning increases 
with rise of temperature, while below 15” the reverse is true (Figures 8 
and 9). In this region of '^normaF’ temperature conditions, the balance 
between ( 1 ) the tendency to release pedal waves, which result in progres- 
sion, and (2) the turning tendency is close to a critical point (for related 
: phenomena involving discontinuities in the effects of temperature, cf. 
' Gtoziter,, 1924-25^, 1924-25^). Slight circumstances may thus determine 
M; particular instances which of the two effects is dominant — whence statis- 
tical, variation in the amplitude of turning per unit length of path. At 
higher temperatures the turning mechanism is in control, and the slug 
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FIGURE 10 

At temperatures up to about 15'' the reciprocal of the amplitude of turning move- 
ments is directly proportional to the velocity of creeping of Lhnax when showing 
ciicus movements under constant illumination. 

(From J. Gen, P/iysioL) 

creeps only so fast as the central mechanism having to do with differential 
bilateral tonus will permit. At lower temperatures the amount of 
turning is limited and controlled by the speed of creeping, to which it 
is inversely proportional (Figure 10), The “controF’ of creeping by 
the central nervous determination of differential tonus in the musculature 
of the body is demonstrated by the results of treatment with strychnine 
(Crozier and Federighi, 1924-25r), which suppresses the phototropisnu 

Under ‘‘natural” conditions, consequently, certain kinds of variability 
in response may be fairly conceived to result from the fact of delicate 
dynamic adjustment among processes which (in effect) compete for con- 
trol of the animal’s mechanisms of movement. The perhaps curious 
principle ensues that, for real understanding of the determination 
of conduct and the identification of its elements, it is in many cases prac- 
tically essential to place the organism under distinctly “abnormal” con- 
ditions such as are favorable to the unhampered expression of separate 
elements of the usual nexus. 

The primary difficulty in such studies is, of course, the essential require- 
ment that the integrity of the organism shall not be violated. The very 
thing which we desire to learn about depends upon the absence of destruc- 
tive interference; we must not employ such treatments as may provoke 
irreversible changes. There remain, free from such objection, certain 
additional avenues of approach. Taken singly and in combination, we 
have a right to expect that these may assist in the way desired. There 
is first the modification of the temperature of the organism and the con- 
sideration of the relations between temperature and the frequencies or 
velocities of measurable activities. It happens that these relations “make 
sense” in terms of elementary physical theory, and the ways in whicli 
they can be modified experimentally (Crossier and Stier, 1924-25^) 
already yield suggestive conclusions (Crozier, 1923, 1923-24i^; Crozier 
and Federighi, 1923; Hoagland, 1927). The process of excitation by 
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light (Hecht, 1918;19, 1919-20«, 1919-20^, 1922-23, 1923-24, 1924-25, 
1926-27) permits similar treatment. The methods of genetics, combined 
with such procedures, make possible to a degree the unification of the 
experimental objects as fairly comparable individuals, and in a few cases 
(where enough is known of the genetic behavior) even permit the 
making-up, at will, of individuals possessing particular characteristics 
required for specific purposes. Genetic analysis also permits a very 
profound testing of the reality of formulations of functional dependence 
(Crozier and Pincus, 1931-32^^, 1931-32^^, 1931-32r, 1931-32i). 

When in a given compound field of illumination it is possible to 
account precisely for the amount of orientation exhibited by a phototropic 
organism, certain constants remain in the equations. It is tempting to 
legard these as in part “threshold” constants, and as such perhaps relating 
to the mechanism of central nervous adjustments between competing 
excitations. In an organism exposed to two sources of stimulation the 
resultant movements may be determined by the summation or by the 
balance of the respective excitations; with other suitable conditions the 
movement may be decided by one of the two excitations to the complete 
exclusion of the effects of the other. Such a “decision” may be taken to 
represent an elementary act of central nervous adjustment, and, given 
rational units in which to express the effects of the two sources of excita- 
tion when acting singly, its nature may be investigated by measuring its 
quantitative modification under controlled conditions. There should be 
procurable, in this way, a means of approach to central nervous functions 
which might hope to effect a rationalization of their nature (Crozier, 
1923-24^z. 1923-24^, 1924-25^, 1924-25^, 1924^z, 1924^, 1925-28, 1926- 
21h, 1928; Crozier and Pincus, 1926-27r; Crozier and Stier, 1927-28). 
In this respect the quantitative description of tropistic orientation can be- 
come a potent analytic device. 

In the examination of phototropism it is found possible to account for 
-orientation under the influence of two beams of light on the basis of a 
single assumption derived from experience with a single source of illu- 
mination. The fact that quantitative theory can here be tested by experi- 
ment only under certain simple conditions is due not to a failure of the 
analysis but to mathematical intricacies attending even the process of 
orientation in a non-living machine. The problem of orientation with 
three sources of light is practically unsol vable, merely as an exercise in 
mathematics. The quantitative description of photic orientation under 
conditions which exclude mechanical interference can be carried out with 
some success (Crozier, 1925-28; Mitchell and Crozier, 1927-28). Con- 
sider a negatively phototropic animal on a horizontal surface, illuminated 
by two point-sources of light (Figure 11). The JT-axis of a system of 
reference coordinates passes through the lights, the Y-axis bisects the 
/distance between them. The animal at any moment has its anterior end 
' it a point (at, y), and the coordinates of the lights V and L" are 
re^^ctively (-— o) and (^^, o). Then the distances AV and AV are 
== 4" "The dimensions of the 
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FIGURE 11 

Photoneg\tive Organism at A (x, y) Oriented by Point-Sourcfs 
OF Light L ' and L" 

(From J. Grn. Physiol,) 


photoreceptors are safely assumed small in relation to m and n. The lights 
L' and L" have luminous intensities P' and P" candles respectively. 
Orientation should be accomplished and maintained when the photochemi- 
cal effects on the two photoreceptive surfaces are equal. This is the only 
assumption of the tropism doctrine, and it turns out to be sufficient. Tak- 
ing first the case in which the organism is attached to the substratum, but 
able to orient, the position of orientation is defined by the positive angle $ 
which its axis makes with the JT-axis connecting the lights, and it may be 
shown that the necessary relation between 0 and the other quantities con- 
cerned is: 

PV [tan h (<2+^)+^] + P'' [tan h (a — j? ) + y] 

tan d = , 

Fn^ — y tan //] — F'm^ [a — x — y tan h] 

where h = the angle between a photoreceptive surface and the axis of 
orientation; for an ideal organism which is positively phototropic similar 
equations are obtainable which differ only in detail. The formula given 
(and simpler expressions of it easily deduced for various cases) holds 
equally well whether the primary photosensory effect is proportional to 
the intensity of the light I or to log L With negatively phototropic 
organisms illuminated by beams of parallel rays opposed at 180®, the equa- 
tion reduces to 

r -f r 

tan Si =: tan h ; 

r — r 

with beams crossing at an angle of 90®, 

(r + n (i+tan/i) 

tan $2 = — 

{r — n (1— tan/i) 

[cf. Croziier (1925-28), where these equations are directly deduced, but 
with H/2=zh, ^ = 90® — 6% for the first case, ^ — 45"* for the 

second]. When the light rays are parallel, there is no necessity for re- 
stricting forward movement in testing the equations. 
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These equations can be tested by a number of series of measurements. 
In some forms, as the larva of the blow-fly, the functional angle h is con- 
stant. With other forms it is zero, and in such forms the fact that A = 0 
can be directly checked by failure to obtain orientation with lights opposed 
at 180". A further check is given by the known facts of orientation (e.g., 
in experiments due to Buder, 1917-19) for forms in which h = 0, namely, 
various protista swimming in a helical ('‘spiral’*) path, and in which 
beams of light are used which cross at an oblique angle. In this case, 

sin ij/ 

from the general formula one obtains tan <j> = — - — , where 

r/ 1" -f- cos ij/ 

<l> is the angle of the path of oriented movement with the axis of one of 
the two beams, and ^ is the angle between the beams. The agreement 
with experiment is extremely good. 

The angle h is not constant, however, in all cases. If photokinetic ex- 
citation results in “random” movements of the head, the frequency, speed, 
and amplitude of such movements should influence the calculated value 
of hj and this should be a function of the total intensity of excitation; h 
would be expected to decrease in proportion either to + h) or to log 
/i/g. In young rats (before the eyelids have parted) this is its behavior 
(Figures 12 and 13) (Crozier, 1925-28; Crozier and Pincus, 1926). In 
other forms h increases with low total intensities of illumination, due to 
the suppression of random motions resulting from other kinds of excitation, 
and then passes through a maximum as the highest intensities provoke in- 
creasing “random” movements of the head. It is to be noted that there is 
obtainable in this way a measure of “random” movements and a key to 
their interpretation. 

When these considerations are applied to the case of a moving animal 
in a field illuminated by two point-sources of light in the same horizontal 
plane, further complications arise. To distinguish this situation from that 



FIGURE 12 

•The^^Wipirical formula tan $^KU/h gives an aproximate description of the 
yWiftioi in angle of orientation of young rats illuminated by opposed beams as 
, dependent- upon 1% and 1% and may be used in order to obtain a graphical repre- 
' ' , , sentation of the results. 

I,’ / ('Ftom L Gen. PhysioL) 
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FUiURIi 13 

Values of h Computfd from Exprrimf.mts with Vouno Rats 
/f = — K\oifI\I^-\-C (sec text) 

(Fiom J, Gi'n. PhyiioL) 

already treated we may speak of orientation of a sessile foim as presenting 
a problem of orientation iti situ ; the orientation of a motile form in beams 
of parallel rays is, of course, dynamically identical with this; the photo- 
tropie progression of a motile organism may be termed orientation iu 
transitu (Mitchell and Crozicr, 1927-28), Here, the path of the ani- 
mal from any point in the illuminated held depends upon the direction 
in which it is moving when subjected to the lights at that pinnt. Dif- 
ferential photochemical effects in the two photoreceptors affect the rate at 
which the slope of the path varies with time (or with respect to distance 
covered, if the velocity of creeping be sensibly constant). The change of 
slope is db/dt, but we cannot at once decide whether in such an instance 
the rate of turning depends upon the difference between the excitations on 
the two sides, or upon their ratio; and in either case there may be a direct 
or a logarithmic relation between excitation and the luminous flux. If the 
rate of creeping is very small, we have (from the general formula already 
given) : 

dv Fn^ [(^z+x) tan {{a — x) tan h — y] 


dx — y tan A] — [a — x^y tan h] 

Since^ m and n are complicated functions of x, y^ and a, the expression is 
practically unsolvable as a differential equation, although it can be tested 
by several modes of approximation (cf. Figure 14). 

The elementary conditions for movement oriented fay light have been 
reviewed^ in order to bring out the basis for a particular conclusion. Re- 
garded simply as the orientation of a machine with bilaterally disposed 
photoreceptors (the symmetry may be dynairiical, as in helical-swimming 
protista, rather than of an obvious structural sort), the description of 
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FIGURE 14 

Arrows Show the Values of 0 for a Photo- negative Organism at Different 

Points in the Field 

The point-sources of liftht // and L" are equal in luminous intensity and for 
calculation tan /i == 0 9. 

(Fiom J. Gen PhysioL) 


phototropic movement is seen to present a very fair degree of complexity. 
This becomes apparent at once if we seek to predict the character and ex- 
tent of orientation when more than one source of light is acting, on the 
basis of what is known concerning phototropism in the simplest kinds of 
situations. Inability to deal quantitatively with the measurable aspects of 
the orientation of organisms in complex fields of illumination, therefore, 
is not to be taken gratuitously as evidence either of incomplete under- 
standing of the case, or, on the other hand, as indicating supra-mechanical 
influence at work within the organism. In an elementary way the kinds 
of complexity revealed by the present discussion serve to demonstrate 
concretely the justification for quantitative investigation under the most 
rigidly simplified conditions attainable, to which testable formulations can 
be applied. 

It is not always true that the simplest conditions will be found in the 
most obvious place. An especially clear instance is found among galvano- 
tropic phenomena. In the case of annelids (Moore, 1922-23) and certain 
other metazoans, the interpretation of galvanotropic orientation turns upon 
the necessary and sufficient assumption that the current serves to excite de- 
finite groups of nerve-cell bodies. This is consistent with the mode of 
action of strychnine, which produces a relatively specific reversal of in- 
hibition in response to peripheral excitation, and also reverses the mode 
of galvanotropic response. These effects seem to have considerable gen- 
erality (Crozier, 1926-274; Fries, 1927-28). It is of interest that gal- 
vaAbtropic movements were early reported as occurring in the roots of 
plants and subsequently examined in various animals. It turns out (Navez, 
1926t27), that the ^‘galvanotropic” curvatures of roots, which because of 
their slowness and the definite manner of their exhibition might be useful 
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for quantitative investigation of the mechanism of stimulation in a 
structurally simple system, are, however, artifacts due to^ chemical prod- 
ucts of polarization at the electrodes ordinarily used: The '‘galvanotro- 
pism” of the roots disappears if the electnjdes are made non-polarizabie. 

Ill 

Compound Tropisms and Functional Genetics 

The compounding of tropistic modes of behavior has been relatively 
little studied quantitatively, partly because the necessary preliminary de- 
scriptions have only begun to be available. The balancing of phototropic 
and stereotropic excitations, for instances in which it is possible to show 
that the stereotropic effect obeys the laws of compounding already in- 
dicated for phototropism (Crozier and Moore, 1922-23; Crozier, 1923- 
24^; 1923-24Z>; 1926-27^), provides one illustration. Thus with Tene- 
brio larvae it is possible to obtain, from measurements of the intensities of 
lights of different wave-lengths required to counterbalance stereotropic 
adherence to a glass surface, a picture of the absorption of light by the 
photoreceptive organs of this insect (Figure 15). By compounding the 



PICJURE 15 

Meavsurements wcie made of the intensity of lights of different wave-lengths 
(obtained by filters of known transmissions) required to foice creeping Tenilmo 
larvae to orient away from a veitical glass plate with which they otherwise main- 
tained stereotropic contact I'he light passed normally through the plate.^ Re- 
ciprocals of these intensities (he., the efficiencies) measure the proportionate 
absorption by the photoreceptive system at these wave-lengths. The maximum 
of effectiveness is sharply localized. (Each observation is given as a bar, of 
which the width includes the zone comprising the wave-lengths embracing two- 
thirds of the energy transmission of each filter.) 

(From J. Gen, FhysioL) 

-effects of galvanic and photic fields mutually perpendicular, it is possible 
(Crozier and Stier, 1927-28) to find for each of several intensities of light 
a current density which forces orientation of marine planarians {Lepto- 
plana) at exactly 45'’ to the axis of either field. The galvanic excitation 
must then be equal, in its differential tonus effect, to the photic. Since the 
latter is practically proportional to log I, we expect and find the current 
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density (for 45 ** orientation) to be a rectilinear function of log /. The 
organism Behaves, in this case, not as if the compound situation involves 
properties peculiarly its own but as it should if responding to each kind 
of excitation separately; the effect is purely additive. Moreover, one 



Diagram of Experime»^tal Trough for Establishment of Constant Electric 
Current Giving Rise to the Galvanotropic Vector, G 
Light from the right side (arrows) is responsible for the phototropic orienting 
vector, X. The galvanotropic effect (G) is equivalent to the phototropic when 
the resultant path of the planarian makes an angle ^ = 45 degrees. 
(From J. Gen, Physiol.) 



This?/ current density in milliamperes per $q. cm. is directly proportional to the 
, ibgarifhm of the relative intensity of the light for orientation at 45* to the path 
either^ mode of stimulation alone. The observations are plotted as bars 
cenfered otk ttie tniean current densities and having a vertical height equal to twice 
* the probable ' error, 

''' , ' (From /. Gen* Physiol) 
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secures a measure of the galvanic excitation in eneigy^ units even without 
knowing how much current goes through the oiganism; and, since the 
excitation is found proportional to the current cicnsin, one has direct 
proof that the current probabl}^ stimulates by moving ions. 

This type of procedure may be pursued further by following the con- 
sequences of compounding the influences of photic and gravitational oiient- 
ing effects. To do so requires a formulation of gravitationally controlled 
orientations, which may incidentally be used to illustrate additional means 
whereby the significance of descriptive equations may be tested. We shall 
confine attention to gcotropic movements carried out upon a substratum, 
neglecting the problem of orientation in space (Kuhn, 1919). 

A negatively geotropic animal, such as a tent-caterpillar, orients up- 
ward upon an inclined plane; but, in the absence of interfering modes of 
stimulation (i.e., under non-stimulating weak red light), it does not creep 
“straight upward*’ unless the surface upon which it moves is nearly verti- 
cal. The upward orientation ceases at an angle 0 with the intersection 
between the creeping plane and the horizontal (Figure 18). At various 



Illustrating TiiK Definition oi- tiil Angles, a and Oy Involved in thi- l)i*'bCRii>rioN 
OF OEO'rROPic Orientation of Malaeosama Larvae 
The traced line of pro^^^ehsion of the caterpillar, when creeping is started with the 
axis of the body hoiizontai, comes to make a definite angle & on the inclined 
plane. In many instances the path is more compHcatcd. The effect of the 
lateral movements of the anterior end ('‘head angle'* //+//) is discussed in the texL 

(From J. Fhysiol.) 

inclinations of the surface (a) it is found that the average value of 9 (or 
the geometric mean) is a definite function of a, such that, purely as an 
empirical relationship which has useful properties, ^ = JSTIog sin a. 

If we seek to obtain the reason for this effect, the progression ' move- 
ments must be examined. ^ It is to be noticed that the anterior end (head 
and thorax) of the caterpillar swings from side to side during locomotion. 
The possibility of a control of the angle 9 is therefore given if we assume 
that orientation ceases when the difference between the pull of the weight 
of the anterior end of the body (freed from the substratum at the execu- 
tion of each lateral swing) in the position and in the ^Vlown** posi- 
tion is reduced to a threshold magnittide. Since the active component of 
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gravity, in the plane of progression, is obviously proportional to sin a, this 
assumption is expressed by the equation 

X* A sin a [A cos (0 — h) — A cos zz: — const., 

where h and h' are the mean angles between the axis of the anterior 
swung portion of the body with the main axis, in the “up” and the “down” 
positions respectively. There are means of showing that h and h' are 
statistically equal. The equation at once reduces to 

(sin a) (sin h) (sin 0) = — K\ 

If h be sensibly constant, and independent of ^ (in the average), 

(sin u) (sin 0) = —K\ 

If a be constant, 0 must vary inversely with h. By means of trails upon 
smoked paper, permitting measurement of the lateral excursions of the 
head, the latter assumption can be tested and is easily verified. When a 
large number of trails aie studied (about 3000) this variable cancels out, 
and we should find sin 6 inversely proportional to sin a (Figure 19). 



FIGURE 19 

sin Q =■ — K / sin a + C 
(From Gen> Physiol) 


This expectation is thoroughly realized in the experimental results. The 
we is of interest in several ways. The “head angle” (Figure 18) is 
similar, to that previously involved in the discussion of phototropism and is 
Werttially , a, dynamic thing rather than directly a matter of structural 
symmetry^' ^b^,e facts can be compared with the geotropic orientation 
of such ,an, Organito as the slug AgrioUmax (Wolf, 1926-27), where a 
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FIGURE 20 

The angle of geotropic orientation {0) of the slug At^rlolimax is diiectly prnpoi- 
tional to log sin a, where ct is the angle of inclination of the creeping plane. The 
solid circles aie fiom measurements made at inclinations gi eater than 90' (i.e., 

the animal hanging from the under surface of the plane). 

structural angle of the required sort is readily perceptible; in this case also 
the formula just given is definitely obeyed (Figure 20). As an empiiical 
relationship, it is in addition found that the mean orientation angle {0) h 
very nearly a straight-line function of log sin a. 

It is to be recognized that such formulae describe positions of orienta- 
tion, and only indirectly have to do with questions of the intensity of stim- 
ulation. This should be sufficient in itself to prevent one from regarding 
the logarithmic formulation as an example of the Weber-Fechner rule. 
While it is impossible to convert the simple logarithmic formula into the 
trigonometric one, the former retains a definite utility in connections in 
which the trigonometric expression is unmanageable. Moreover, as will be 
indicated, it is possible to obtain some insight into its real meaning. 

The first experiments looking toward this type of formulation were 
made with young mammals, rats and mice (Crozier and Pincus, 1926- 
21a, 1926-27 J, 1926-21 c, 1926-21 e, 1927-28; Pincus, 1926-27; Crozier 
and Oxnard, 1927-28; Keeler, 1927-28). Tliey require special attention 
to the state of the animals, their care and handling, and to the conditions of 
the tests. Since the results are open to a particular kind of mathematical 
treatment, it is important to realize that the results of this treatment can 
be checked in several independent ways. The conditions of creeping in 
young rats change rapidly with age during the time within which it is 
possible to make tests having the desired significance, hence it is necessary 
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to average results from a number of individuals. The observatioiw in- 
volve determining the relationship between the angle 0, already defined, 
and the inclination of the surface (a). Individual litters are selected inm 
lines of rats long inbred by brother-sister or other close mating. Ihis 
insures genetic uniformity among individuals and can be demonstrated to 
be a necessary precaution. Small litters are chosen so that all the rats may 
be vigorous creepers; this also is necessary. At the age of 12 to 14 days, 
before the eyes have opened, such individuals, with very rare temporary 
exceptions in the stocks we have employed, orient upward upon a surface 
tilted at 15° to 20° to the horizontal or greater. In a ventilated dark 
room where the temperature is 22° to 25°, observation is possible either 
under non-stimulating red light of low intensity or (in darkness) by means 
of markings with luminous paint. Accurate record is made of the paths 
pursued. At any one inclination the probable error of the mean 6 is quite 
small, if due attention is given to the selection of the litters at the start 
and to their intermittent replacement with the mothers for feeding. Just 
preceding the opening of the eyes the variability of behavior is definitely 
increasecT; this is seen also in mice. Low intensities of white light, before 



FIGURE 21 

«fcoiwiEi8 the agreement in the relation between amplitude of negatively geotroEic 
, -oeyntation $ and log sin o, where o is the angle between plane of creeping and the 
■ jhnktoWhlj iii* t»i<o series of tests with, young rats {R. nomegicus, line A) made 
' 'TS'ixfWmtihi apart.: , Tlie' height of the vertical bars » 2 P.E. Poi certain purposes 
thei ieWflA*' Wfty be regarded as effectively rectilinear, though m reality it is 
■ ' ' sigmoid. 

j:: :■ (From /. Oea. Phyml.) 


>4 'i ■ 
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or after the opening of the eves, render it ver\^ difficult to secure unifotm 
orientations. This effect cannot be obviated by surgical removal of the 
eyes, which enhances irregularity of creeping and accentuates pauses; in 
these animals^ as appears to be the general rule, geotropic orientation is 
evident only during progression; the consequence of removal of the eyes 
is undoubtedly comparable to that seen in certain fishes (Crozier, 191 8rt). 
The desired test can, however, be made in another way, using a gene which 
prevents the development of the retinal rods; mice carrying this gene are 
blind and can be used for the geotropism experiments in davlight (Keeler, 
1927-28). 

As a sufficient approximation, 6 is found nearly proportional to log sin a 
(Figure 21). The graph is more exactly a long-drawn Sj however, as 
every series of experiments has shown. The logarithmic fitting is suf- 
ficient, none the less, for certain purposes. More exactly, considering the 
way in which the weight of the body is carried by the legs, it is possible 
to show that cos 6 would be expected to decline in proportion to sin a 
(Figure 22). This expectation is obeyed. ITe constants in the rc'^ulting 



FIGURE 22 

The Agreement of Two Independent Series in Terms of a Rectiunear Con- 
nection BETWEEN COS 6 AND SIN a 
(From J. Gen. Physiol.) 

equations are recoverable in new tests with rats of the same stock during 
successive generations (Crozier and Pincus, 1927-28, 1931-32<^, 1931-32i, 
1931-32c, 1931-32r/). The data from such experiments can be submitted 
to a variety of independent tests, which can be only very briefly referred 
to here. The speed of upward progression obeys the same rules as $ 
(Pincus, 1926-27) (Figure 23) ; from this fact computations can be made 
as to the rate of doing work when the body is lifted, as a function of a. 
The effect upon ^ of adding weights, attached to the root of the tail, 
which is predicted in the subsequent derivation of the relation A cos 0/ A 
rin a == — const., is also found experimentally (Crozier and Pincus, 1926- 
27 e; Pincus, 1926-27) (Figure 24). The variability of 0 at successive 
magnitudes of a shows that the mes^surements contain within themselves an 
automatic check upon their real significance; this will be discussed more 
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The Rate of Creeping of Young Rats with Attached Weights at Two Angles 
OF Inclination (15® and 20®) Plotted against the Observed Angles 
OF Orientation at These Angles of Inclination 
(From A Gen. Physiol.) 



Showing That the Angle of Upward Orientation Is Proportional to the 
Logarithm of the Mass Added to the Tail of the Rat When the 
Inclination of the Creeping Plane Is Constant 
(From Gen. Physiol.) 

fully in a later section. If 0 is determined by a in the manner indicated, 
increasing sin a should decrease the variability of B according to the same 
rule as that by which B itself increases. This is due to the fact that in- 
^reasmg geotropic excitation not only involves a greater amplitude of 
bigit proportionately cuts down the effects due to unavoidable 
i<>urccs,'of stimulation not directly concerned with the experiment. We 
:Jii!xd,, in,,fac:t, that the statistical measure of the variability of decreases in 
direct propoi1;iou to, log sin a. Moreover, if this conception be sound, 
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the apparent rate of this decrease should depend directlj upon the num- 
ber of individuals involved (the total number of observations of 6 being 
the same in each case). A litter of two individuals, indeed, g;\c^ onc- 
half the rate of decreasing C.V. 6 as log sin a increases, as is sho-o .t Iv, a 
comparable one of four individuals (Figure 25). 



FIGURE 25 

The variability of $, expressed by P.E, ^ as a percentage of the mean (the 
number of vaiiates being 40 in each case), declines directly as log sin a increases. 
The rate of the decline is directly proportional to the number of individuals 
concerned: in Series 1, 2 individuals; in Series 111, 4; the slopes of the lines 

being in the ratio 1:2:1. 

(From /. Gen, PhysioL) 

Mathematical formulations of geotropic orientation thus far presented 
are either such as may have a usable meaning, or else they must be the 
happy results of a species of accident in some way due to the averaging of 
observations. If the latter were true, then it is scarcely conceivable that 
animals creeping in quite difiEerent ways, in which the possible manner of 
support of the body upon an inclined surface is completely different, should 
provide specifically different empirical relationships between 6 and a or 
obey diverse rational equations. The beetle Tetraopes tetraopthalrnus has 
been studied in this connection. The body is in contact with the support- 
ing surface at the tips of the legs and at the posterior end of the abdomen ; 
6 is found proportional to sin a directly, not to log sin a. The complete 
formulation for this case is difficult and need not here be considered 
further. Essentially, the magnitude of $ is determined by the fact that 
the leg muscles not only support the downward pull of the mass of the 
body but are also subject to a torque due to the twisting movement of the 
abdomen, the center of gravity being posterior to the point of origin of 
the legs. This interpretation is readily controlled by the attachment of 
additional loads (wax) to different parts of the beetle^s body. When a 
mass of wax is attached to the abdomen, S is increased. If it is attached 
to the anterior end of the body, 6 is decreased, although .the total load 
carried has been augmented,^ because the torque due to the abdomen is re- 
duced. Again, with these insects, it is possible to perform the converse 
experiment and to reduce the load carried, and at the same time the torque 
on the legs, by amputating the abdomen. If our understanding of the 
situation is sound, $ should then be decreased, which is in fact the case. 
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These instances, and a number of others, can thus be understood as 
manifestations of geotropism which depend upon the distribution of the 
pull of the organism’s mass upon the supporting musculature. The par- 
ticular situation in an^ given form [adult rats (Upton and Stavsky, 1932), 
kittens (Stavsky, 1932, 1933), chick (Hoagland, 1929), fiddler crab 
(Kropp and Crozier, 1928-29), and others] will depend upon the 
morphology of the organism. The analysis does not exclude the involve- 
ment of statocyst function in geotropism, but leaves to be demonstrated 
just what this function may be in specific instances (Arey and Crozier 
1919, 1921; Cole, 1925-28; Ciozier and Federighi, 1924-25^). Related 
to this matter is the failure to obtain clean-cut relationships between 0 and 
a in the case of certain slowly moving marine and fresh-water gastropods; 
but this point cannot be developed at present (cf. Jager, 1932), nor can 
the very attractive questions arising when geotropic orientation is 'reversed. 
Two groups of facts should be mentioned, however, as concerned in the 
demonstration that the pull of the mass of the body of a snail or slug upon 
its parietal and columellar muscles is a determining factor in geotropic 



FIGURE 26 

- A 'ttjail (Belix) creeps straight upward upon a surface inclined at a® to the 
When this plate is rotated smoothly but quickly in its own plane, 
the, shall driepts to. a new upwardly directed path. The reaction-time, measured 
, tjhf mtd-rotation, of the plane, decreases systematically as sin a 

wreaaeo.i ! lht;ei}t period for geotropic response is thus a function of the 
of the exciting component of gravity. 
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response. When a snail such as Helix is creeping straighi upward {$ z=z 
90") on a sloping surface which can be rotated in its own plane, ; elation 
through 90® is followed by orientation of the snail after a definite latent 
period. This latent period is a function of the active gravitational com- 
ponent, such that reciprocal of {latent period minus a constant) i^ directly 
proportional to the sine of the angle of slope of the surface; the \elocItv 
of the effects underlying gravitational excitation is thus determine<l by the 
gravitational pull (Figure 26). On a vertical surface the latent period 
for reaction, after 90® displacement of the axis of a creeping snail such 
as Liguus, is systematically decreased by the addition of weights, is in- 
creased if the experiment is made under water, and decreases again (under 
water) if additional weights are carried (Crozier and Navez, 1930). 
The orientation of fiddler crabs may be taken as a particular illustration 
of the fact that the empirical and the rational formulae applicable for 
mechanically diverse instances of geotropic orientation cannot be regarded 
as “accidents, and that, in consequence, the muscle-tension theory of the 
limitation of orientation is not merely adequate but necessary. Uca creeps 
not straight forward but sideways. In the dark, Kropp and Crozier 
(1928-29) found B very closely proportional to sin a directly. If this is 
due to the attainment of mechanical stability, and thus to the release of a 
certain class of tensions on the legs, B should be altered if the center of 
gravity is shifted. It happens that nature has performed the experiment. 
The large claw of the male fiddler may be carried “up'’ or “down" as the 
animal creeps sideways on an inclined plane. In the former case, 0 should 
be less at each value of a, and this is the fact. Removal of the cla'w 
abolishes the asymmetry, which does not appear in the symmetrical females 
(Figure 27). 

Two facts have been referred to which it is necessary to bring into con- 



Mean orientation angles to right and to left for Uca (13, 17) with large daw 
on the right side, and for 3 (10, H, 16) with the large daw on the left, demun- 
strating lower when creeping Is toward the side carrying the large chela* 
This relationship Is obliterated when the large daw is removed. 

. (Froito i. &en, Pk^shL) 
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junction in dealing with a final aspect of this geotropic orientation. One 
is that, in the case of the rats with which we will have most to do, the 
graph of 0 vs, log sin a is almost a straight line, but, in reality, a long- 
drawn 5. The other is the necessity for genetic uniformity in the test 
material. The latter is proved by the fact that whereas the same values 
of the constants in the equations, and indeed identical curves, arc re- 
peatedly obtained with individuals from the same stock, it is nevertheless 
an easy matter to obtain separate stocks, of known different genetic history, 
and distinct species, for which the curves aie different (Figure 28). Con- 



FIGURE 28 

Data from several series of observations with young rats of race K, of race A, 
and of race B demonstrate the consistent differences with which the upward 

orientations (^) on a surface of slope a adhere to the formulation cos & = a b 

sin a, where a and b are constants, (It will not do to fix the straight lines and 
determine the constants a and b for the purpose of obtaining Figure 29 by differ- 
entiation, because the departures of the observations from rectilinearity are 
systematic and significant, and it is these departures which in part determine 
the essential characteristics of Figure 29,) 

sistent performance within an inbred line of animals must be due to homo- 
geneity of inheritance, though it does not follow that it should be easy to 
work out its actual basis. Yet the experimentation undertaken on this 
basis has shown that it is possible to learn something about it and at the 
obtain a neat justification of the initial treatment of the data. 

Behind such attempts there persists a general problem, which has been 
more or less ignored as a problem. It has to do with the question as to 
decree with which the behavior of an organism can legitimately be 
mathematical formulation in an equation. The consistency of ob- 
scmtions Afi, of course, be weighted by statistical methods, but this is not 
primarUy th? point. In other cases the general mode of treatment, the 
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kind of interpretation provided, can be tested by deduction of the forms 
of hitherto untested but contingent relationships, subsequently studied in a 
quantitative way. But this does not completely answer the requirement, 
because not infrequently a question remains as to the biological ‘‘rea]it>^^ 
of the assumptions employed in the original formulations. This difficulty 
is in part an emotional one and is often justified. Of the two types of 
formulation consciously employed, that which is purely statistical is un- 
satisfying, since the constants it provides are dimensionless and arbitrary; 
expressions derived from physical theory have the enormous advantage that 
the character of their contained constants immediately gives basis for con- 
crete experimental tests. Without such tests these equations may also re- 
rnain arbitrary. If the organic significance of the constants is the objec- 
tive of inquiry, it becomes necessary to justify in some independent way 
the specific equation chosen to express the initial results, or at least the 
mode of representation adopted for them. 

The proof of the physical adequacy of a given mathematical formula- 
tion for events, behavior, in an organism seems to necessitate demonstra- 
tion that its constants have a ^VeaF’ biological basis. It is easy to object 
that biological transactions are “too variable’* to warrant such an under- 
taking, but there is ground for rejecting this view. It can also be ob- 
jected, with greater cogency, that for any smooth relationship between 
two variables a large number of different formulations might be devised. 
This difficulty is avoided, however, if we confine attention to tlie attempt 
to show that the difference between two magnitudes of a dimensionally 
identical constant is biologically a real difference. 

A biologically real difference** would be one which, for example, be- 
haves in a definite, unitary way when subjected to manipulation of a purely 
biological sort. It must then be conceded a molecular substratum. A 
unitary effect in inheritance, exhibiting allelomorphic relationship.s with 
other similar units, is an example of such reality. For our further pur- 
poses, however, it is necessary to consider a “unitary effect in inheritance** 
as not precisely a ^ene, as the concept supporting this term is customarily 
used, but to consider it as a unit of inheritance having the dimension.^ of 
amount or degree or organic expression per unit of some (specified) 
controlling variahlef^ 

In our several genetically stabilized lines of young rats the extent of 
upward o^ntation on an inclined surface is a function of the slope of the 
surface. The form of this function is the same in the several races, but 
the numerical ^lues pf the respective constants are characteristic for each 
race. Figure 28 contains data from successive series of measurements with 
rats of hwes JT and d, (Details of the procedure and of the statistical 
weights the mean orientation angles are given in the original reports.) 
In terms of the formulation previously given, A cos A sin a —--const., 
in each case, where 0 = orientation angle on the surface inclined at a' to 

intercept constants and the slope factor me 
clearly different for the two lines. The graph for d is as if rotated about 
a mid-pomt of that for K, With an additional race, Iahele<! //, we iind 
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that the slope A cos 6/ A sin a is sensibly the same as for race A,hMt that 
the threshold intercept is higher. Theie are thus two kinds of differences 
recognizable. 

Every series of these measurements shows that the relationship of 6 to 
log sin a is to be described as a long-drawn S. (It happens that lines Aj K, 
and B give a straight-line relation between cos B and sm a over the whole 
working range of sin a. In other genetically uniform groups of rats, 
different parts of the sin a range give lines of different slopes. The reason 
for this becomes obvious in the later treatment of the data.)^ The relation 
A cos A sin a = — const, was arrived at by considering that stable 
orientation on the inclined surface is achieved when the tension excitations 
due to the pull of the animal’s weight are the same, within a threshold dif- 
ference, on the legs of the two sides of the body. In this event the extent 
of upward turning is a direct proportional measure of the total amount of 
stimulation per (large) unit of time. 

The total excitation of the tension receptors must be regarded as involv- 
ing, over a gioss interval of time (1) the total array of these receptors 
with thresholds below a certain value, which is a function of the stretch- 
ing force, and (2) the frequency of change of tension, which is essential 
for stimulation. The latter, it is to be presumed, is determined chiefly by 
the frequency with which steps are taken and should thus be proportional 
to the speed of progression. It has been shown that the speed of progres- 
sion is a straight-line function of log sin a (Figure 23). Hence the dif- 
ferential, A A log sin a, when plotted as a function of the stretching 
force (sin a), should give a picture of the distribution of effective thresh- 
olds among the available tension receptors in terms of the exciting com- 
ponent of gravity. For lines A and K these distributions are given in 
Figure 29. They are clearly resolvable in each case into three distinct 



HOUEB 29 FIGURE 30 


The first differentials of the curves given in Figure 30 are plotted 
to obtain a picture of the array of thresholds among tension recep- 
' .^^rdicid In the geotropic orientation. The curves are clearly composite, 
thjjee portions in each case. 

Figdt'lfe W? upward orientation, in degrees (^), is related to log 

oy a sigmoid curve; data from races K and A* 

" 'i’v , 
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Figure 31. 0 ^vs. log sin a for the Fi progeny {K x A) ; points are plotted as bars 
with height = 2 X P.E. 

Figure 32. 6 ‘vs. log sin a for the four groups of individuals segregated in the 
back-cross progeny (Fi x K) ; 1 should be like the grand-parental K; 3 should 
have its low-a end like that for 1, its mid-portion like that of 2; 2 should resemble 
closely, except at a = 55°-70®, the grand-paiental A, or more closely the (i, 
ii, III) segregates in the back-cross (Fi x A), with which its curve is indeed 
identical; 4 should show a lower poiiion of its cuive like that in the curve for 
2, its later portion like that in the curve for 1. In other woids, as regards the 
slopes of these curves, considering each curve divided into two parts on either 
side of a ~ 35°, we should find all possible combinations of low and high 
slopes — ^high slope below 35° combined with either high or low slope above 
35° (up to a = 55°), and reciprocally. It is clear that these combinations 
are indeed found. 

groups of sensory elements. The only real difference between these curves 
has to do with magnitudes of the respective ordinates, which are in constant 
ratio throughout. 

In the case of race B the three components of the array of receptors are 
again apparent, but the distribution curve for each one is broadened ; the 
modes, however, occur at the same points on the sin a scale. In other 
races slightly different complications are apparent. 

Each of the two presumptive elements in excitation, (1) number of 
receptor elements according to their respective thresholds and (2) fre- 
quency of excitation, has been tested separately. By means of tests in 
which small masses of metal are attached to the animal’s back in one or 
another of several positions, it has been possible to show that the several 
‘'groups of sense-organs” may be selectively influenced by the added load 
(Crozier and Pincus, 1927-28, 1931-32<:r, 1931-32^). On the other hand, 
the frequency of stepping in geotropic progression can be increased, without 
altering the load carried, by intraperitoneal injection of adrenin (Crozier 
and Pincus, 1932-33^) ; in this case the distortions of the curve are 
similar to those induced by the presence of added loads. Redistributions 
of gravitationally induced tensions may also be brought about by attaching 
a balloon to a geotropically orienting animal (Elliott and Stavsky, 1933), 
with results predictable on the basis of the present considerations. 
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Since individuals from diverse pure lines show consistent performances 
which differ from line to line, it is possible to institute a genetic test of 
the biological reality of the formulations of geotropic response in the case 
of these rats. Such experiments have been made involving the cross- 
breeding of lines K and J and also the cross-breeding of races A and B. 
Individuals of the Fi generation produced by crossing lines K and A give 
a curve relating 0 to a which exhibits a lower segment identical with that 
for the A parents (Parts 1 and II of the curve in Figure 29) and an upper 
segment similar to that for the K parent (cf. Figure 31). 

A sufficient genetic test of the “reality” of the constants in the formulae 
descriotivelv connecting the response a with the exciting component of 
gravity should thus be obtained by the study of individuals produced in the 
back-cross generations (F, x A) and (Ft x K). In the first case the in- 
dividuals should yield curves all of one kind except that in one half of 
them the teiminal slopes of the cuive of 6 vs. log sin a should be steeper 
than with the other half. This is found to be true, although the differences 
sought are small. In the other back-cross, however, we look for four 
phenotypic groups of individuals, respectively showing: J, II; i, II; I, it; 
U a. In the numbers of cases tested, these four classes are clearly recogniz- 
able, by several independent criteria, and occur with equal frequencies. A 
summary of data is given in Figure 32. A corresponding genetic analysis 
has been made of the cross of races A x B, where in Fi there is complete 
dominance of the B properties. , . . . 

It is clearly not the amount of the response (B) which is subject to 
hereditary transmission, but the way in which this response changes as a 
function of its inciting condition. Without such formulation, the real 
nature of the differences between lines A, K., and B in the respects which 
here concern us could not be recognized, let alone analyzed. It should be 
mentioned that the statistical significance of the differences relied upon for 
the analysis is fully protected through the demonstration that the vari- 
ability of the responses is subject to exactly the same rules as those which 
connect the amount of response (6) with the gravitationally exciting com- 
ponent (sin a) (cf. Crozier and Pincus, 1927-28, 1931-32a). 

The fact that the case investigated is complex, in the sense that three 
pairs of “factors” have been distinguished, points the way to certain at- 
tractive theoretical possibilities. The problem initially raised had to do 
with the possibility of demonstrating that the difference between numeri- 
cal values of a dimensionally identical constant describing the homologous 
behavior of two different groups, genetically stabilized, of the same kind 
of organism, may have a “real” significance. The facts summarized show 
that the required demonstration seems to have been obtained and that the 
specific values of the slope constants obtained in the examination of the 
A, and B are recoverable in a genetically rational scheme after 
' tvim , generations of cross-breeding. It is to be presumed that in the great 

S ijorfty of cases the possibility of deinonstrating a genetic basis for be- 
viow i^aracteristics and mental attribute will depend almost entirely 
4ipon securing statements of the manner in which expressions of these 
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properties are related to magnitudes of controllable variables. The cases 
which have been summarily reviewed heie show how it is possible to deal 
with “multiple factor** and “blending’* phenomena which iiiusl play a 
large part in the determination of complex features of organic depoit- 
ment. 


IV 

Variability 

The responses of an organism are not invariable to the degree usually 
seen in the activities of simple, well-built machines. This has often 
served as an excuse, if not indeed as an apology, for loose experimentation 
concerning the conduct of animals, including that of man, and for obscure 
thinking in the discussion of experimental results. 

Two quite different modes of regarding this variableness are of practical 
consequence : ( 1 ) We may consider that variation, “unpredictableness, *^ 

is a category of phenomena exhibited by organic systems, presumably 
originating either as a result of the devastating complexity of such systems 
or as due to the participating interest of whatever god or devil one’s 
private system of vitalistic “causation” mav chance to be entertaining at 
the rnoment. In any event, it is indefensible to rely upon the physical 
principle of micro-indeterminism, although some have succumbed to the 
temptation. (2) In a quite different way we may seek to classify vari- 
ableness in the general sense, attempting to recognize types and modes of 
its expression. It is quite apparent that a diversity of sorts of happenings 
have been loosely grouped under the general notion of variableness and 
unpredictability; certain aspects of such classifications are referred to in 
several examples which may be cited (Crozier and Federighi, 1924-25rr, 
1924-25^, 1924-25r; Croziei:, 1928; Crozier and Pincus, 1926-27r/. 
1926-27^, 1926, 1926-27c, 1926-27^, 1926-27^, 1927-28). 

Distinctions must be made between phenomena of mere difference, of 
variation, and of variability; by variability we understand “ability to 
vary,** and it is implied that the property of the organism in question which 
exhibits variation will have this variation in performance limited, or incited 
by the circumstances arousing the performance or the conditions under 
which it takes place. It follows that the nature of variabiKty 
can be understood if we secure expressions of its relationship to 
relevant circumstances and conditions. In other words, we should otoain 
indices of the variation as a function of some significant measurable attri* 
bute of the system or situation which concerns us; this will provide a 
measure of the “ability to vary/' Despite its very elementary appearance, 
the conception of variability based upon variation expressed as a function 
of some independent variable has been little used. In the majority of 
cases, writers dealing with^ “variability of behavior^ have been content to 
record differences in behavior and to draw some obscure comfort from the 
fact that differences exist “under the same conditions/* One excludes 
those multitudinous recorded instances in which some measurable feature 
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of conduct has been shown to be modifiable because the changes properly so 
described comprise a clearly separable assemblage of problems and are not 
adequately cited as instances of variability. The distinction is illustrated 
by phenomena of photic excitation. With successive stimulations by con- 
stant increase of intensity of light, the reaction-time in the case of such 
forms as Ciona (Hecht, 1919-20^:) undergoes progressive orderly change; 
the modification of amplitude of response with contuiuous excitation by 
-constant light is of an entirely comparable sort (Wolf and Crozier, 1927- 
28; Crozier and Wolf, 1927-28, 1928-29). In each instance the change 
can be understood completely as due to sensory adjustment, in terms of a 
simple photochemical system which embraces also the phenomena of dark- 
adaption (Hecht, 1919-20^7, 1919-20Z>, 1926-27; Crozier, 1915; Crozier 
and Wolf, 1928-29). These are cases in which the energy change 
external to the organism, the “stimulus,” or, more correctly, the stimu- 
lating agency^ is obviously constant, yet the response of the organism is 
not the same; but its changes are not satisfactorily accounted for by mere 
reference to “variation,” or “modification,” because it is the precise form 
of the orderly change, as a function of time, which assumes significance. 
Without analysis, for which exact experimentation is necessary, it would 
be easy to speak of “higher behavior,” “learning,” or similar elfects. 
Dodge (1927) has discussed variability of response in human beings, 
giving essentially descriptions of the fact that the same individual is 
not always alike in response to “the same stimulus,” Dodge urges study 
of “progressive modifications of response” — but these modifications (of 
reaction-time) are not treated as functions even of psychologically or 
biologically significant “time”; and the assumption that the “stimulus” is 
the same because the same change in the intensity factor of some form of 
energy external to the organism has been employed as a means of excitation 
is palpably exposed to the possibility of serious error. The fact that the 
variation in response, at any one period of time, is described statistically 
does not enable us to discuss parameters of the variation as a function either 
of the conditions of excitation or of any change in the organism. Yet it 
is this type of procedure, namely, the mere recording of differences (quali- 
tative merely, or between averages), with or without functional character- 


ization of variation about average values of “response,” which has usually 
been employed in the investigation of variability. The methods of cor- 
relation do not supply what is needed, since they do not provide means 
of expressing variation as a function of some independent variable but 
merely state in terms of pure number the degree of association between 
mean values of co-varying attributes. 

. To describe the variability of a response, then, it should be necessary to 
not the mean value of the response as a function of something 
the variation as such a function. The variability of response 
be found to be far from lawless. The importance of such 
be considerable. Upholders of the view that behavior is 
;iW^tW^(lbhptedictable# that is, not directly a function of knowable condi- 
; margin of variation supposed to be typical 
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of organisms as contrasted with machines. If \arial>ilit\ can be shown 
not to be lawless, the supposed logical foundation for this t3pe of obscur- 
antism disappears. 

Moment-to-moment changes in the behavior of animals have prr.cticul 
consequence in at least two ways: (1) They frequently interfere vitli 
or complicate attempts to analyze the mechanics of irritability and response 
by way of quantitative tests of relations between excitation and reaction. 
They raise serious problems in connection with the attempt to decide 
whether one has selected the suitable theory (equation) to account foi 
experimental results. As a source of such trouble, intrinsic variability 
has usually been regarded as an inescapable nuisance, perhaps justifying 
superficial control of external variables; but, since “errors of observa- 
tion” may influence end results in a multiplicative way and 7iot by a princi- 
ple of exclusive limitation, this view is, practically, unjustified. (2) On 
the other hand, it may be possible to utilize this variability, provided it 
can be expressed in quantitative terms. In the illustration of the basic 
notion employed we must for the present be content to rely upon relatively 
crude statistical methods, because the existing data do not justify the 
labor inseparable from the execution of certain obvious refinements. 
This in no way restricts the generality of the conception. It is unfor- 
tunately necessary to point out that the data of psychophysics as yet 
supply very scanty material for the purpose — although it is in this field 
that such data might be most expected to be found. 

The practicable characterization of the variability apparent in the 
responses of different individuals of the same general sort, under external 
conditions physically similar throughout, may be based upon one of several 
considerations, applicable in different instances. We might deal with 
the standard deviations of the measurements, or with the relative standard 
deviations of the measurements (as percentages of the means), or, again, 
with the absolute ranges of scatter of the data. Presumably every case 
must be examined on its merits, to permit decision as to whether “errors 
of observation” predominate in the variability of the data or in variation 
of an intrinsic sort In general, it can be foreseen that it is desirable to 
obtain measurements upon the same individuals at each of a number of 
values of the experimentally controllable variable, thus keeping the foci 
of origin of variation the same as to number and as to kind. It is also 
•clear that the numbers of measurements made should likewise be uniform, 
else the computed statistics will not have equal weights. If in any series 
of measurements such as we might desire to use there are present two 
different sorts of “variation,” respectively those for which uncontrollable 
“errors” are directly responsible and, on the other hand, those for which 
the inner variability of the organism is the cause, the disentangling of 
the two will depend upon keeping the numbers of observations constant 
at each value of the chosen independent variable. 

Without treating in detail the methods whereby such observations have 
been obtained, we take as illustration data from experiments already cited 
on the geotropic orientation of young rats» Each series of measurements 
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involved the recording of a certain fixed number of orientation angles 
exhibited by each individual in a given homogeneous lot of young rats, 
under standardized conditions, at each of a number of inclinations of a 
surface on which creeping occurred. 

The variation of the measured orientation decreased as the extent of 
upward turning became greater. The interpretation proposed turned 
upon the assumptions (1) that upwaid orientation involved an adjust- 
ment of the axis of the body such that the pull of the mass of the body 
on the legs induced tension excitations during progression which at the 
definitely oriented position became equivalent (i.e., sensorially equal, 
within a threshold difference) on the two sides of the body, and (2) 
that increasing the effective pull of gravity, piopoitional to sin a, involved 
greater total excitation (measured therefore by the angle 6), and at the 
same time proportionately interfered with the disorienting or otherwise 
competing effects of other sources of excitation. If in any one series of 
measurements the variation of response is due to a set of conditions, 
statistically uniform at different values of sin a, w’hich may exert minor 
influences upon the angles of orientation, and if the several individuals 
used arc strictly comparable, and if the foregoing assumptions (1) and 
(2) are valid (particular!}^ 2), then the variation of response (0) 
should be proportional, at each value of sin a, to the ratio V /6y where V 
is the integrated influence of the minor orienting “errors’* (including 
errors of recording and measuring the orientations). The scatter of the 
observations should thus be reduced as sin a is increased; this is the 
case (Figure 33). The remaining assumptions can be tested by ascer- 
taining if (T^/d is influenced in the same way by increasing sin a as is 

the extent of orientation (0) itself (Crozier and Pincus, 1926-27dr, 
193l-32«‘~1932-33Z>. etc.), o- /$ turns out to decline rectilinearlv as log sin 

a increases, or (more exactly) as 9 increases (Figures 34 and 35). Since 



FIGURE 33 

Vi. too sm <t, Series II and III 

For each of these series, JV » 4, « 20. The two sets of data are in close 

agreement. 
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in any one series of observations the number of observations made on 
each (n) is the same at all values of a, the fact that the distnhutiou of 
Q is skewed (Crozier and Pincus, 1927-28) at each magnitude of a is in 
no sense a disadvantage. If it were necessary to correct for skewness. 



FIGURE 34 

The Relative Variability of the Geotropic Orientation (P.E.o/i?) Declines 

RECTILIN EARLY AS LOG SIN a IS INCREASED 
Series I 



FIGURE 35 

The Relative Variation of Performance as Related to the Magnitude or* the 
Response, for Young Rats of Race A Injected with Adrlnalin 
The variation number (V,N,$) is 3.64, the total relative variation, 127 units. 
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this could be done (1) by recognizing the logarithmic nature of the 
skewness, or (2) by dealing with the symmetrical frequency distributions 
of cos 6, 

As a qualitative proof of the legitimacy of the view thus far developed 
it may be pointed out that when inhojnoge neons groups of individuals are 
purposely used the formulation fails in a predictable way (Crozier and 
Pincus, 1927-28) ; moreover, when different individuals are used at 
different values the slope 6 the relationship of cr^/6 to log sin a is no 

longer so exact, though it remains roughly proportional (Wolf, 1926-27; 
Kropp and Crozier, 1928-29). Quantitative pioof is obtained in another 
way. 

In Figure 35 there is representation of a seiies of measurements of 
this kind. In such a graph the area under the fitted line, between the 
working limits of the obseivations, measures the total ‘‘variation^’ of the 
observations, it is clearly composed of two parts. The lower portion is 
that uninfluenced by the increase of sin a and includes errors of observa- 
tions and of recording, if these enter significantly. With trained observers 
and with observations taken within a limited interval (but in such a way as 
to avoid fatigue effects), this area should be constant in any one series of 
the kind earlier specified. The upper section of the total is that part of the 
total variation which is subject to control according to the magnitudes of 
the independent variable concerned in the experiments, namely, by log 
sin a. 

An important feature of these relationships is the finding that for 
cases in which there is a discontinuous relationship between performance 
and magnitudes of controlled variable the indices of variation (if the 
experinients have been adequately performed) permit one to detect the 
discontinuity by independent means (Figure 36 gives one example). 

We have elsewhere pointed out (Crozier and Pincus, 1927-28) that 
the comparison of two groups of individuals as regards amounts of 
response cannot, in general, be made merely by comparing their responses 
at one value of the intensity of excitation. For analogous reasons, in 
the present connection it is to be stressed that relative variability of 
response cannot be examined by contrasting variation of response in 
two individuals or groups, with a single value of -the controlling variable, 
unless it is^ demonstrated ^ that the variation as measured contains nO' 
element which is not modified by the variable in question. These con- 
siderations are important when one seeks to compare the intrinsic varia- 
bility of performance characteristic of two individuals or of two homo- 
geneous groups. It is necessary to investigate both the total observable 
varktion of performance and the manner of dependence of the variation 
ilpon the chosen experimental variable (Crozier and Pincus, 1932-33it3!, 

? otherwise, conclusions totally erroneous may result. This 
by means of experiments designed to test the consti- 
cl^racter. of the variation of performance in the geotropic orien- 
injection of adrenin (Crozier and Pincus, 
the curve connecting 6 with a, but when the total 
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FIGURE 36 

Data from Experiments on Geotropic Orientation 0!< Young CJuima Pigs 
The method of support upon the inclined surface (a = slope) dilFers from that 
in rats, the body being free above the surface. Empiiically, log 0 ^vs, a gives 
in this case a nearly straight line. The cusp evident at tt=45® is real, however, 
and is correlated with an easily observable change in the method of progiession 
at slopes above this magnitude. Its reality is made evident when the variability 
function is considered. In the lower graph the logarithm of the relative wif’uttion 
^ plotted against a; the unmistakable discontinuity is apparent 

at ct 45 , marking the transition to a new set of conditions at greater slopes 
which affect both B and its variations as functions of the slope. 

(From Upton, 1929-30) 



FIGURE 37 

The Relatot Variation of Orientation Is the Same for Adults of Race //, 
AT Equal Magnitudes of Ferformanoe, with Adrenin Injection 
(Open Circles) or without 
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variability of performance is examined it is found to be quite unaffected; 
if variation at constant slope of surface were to be the criterion, it would 
have to be concluded that the variation of performance had been increased 
by the action of the drug (cf. Figure 37). 

Data from certain additional sources — from the study of judgment of 
lifted weights, for example — can be analyzed in these terms. Among a 
number of further instances it is worth while to choose several in which 
the variation of ‘^reaction” of performance is independent of the condi- 
tion of the performance itself. In any particular case it may remain a 
problem as to whether the standard deviation or the relative variation 
(o'/mean) is the pioper measure of variation, and this must be decided 
by additional evidence and in part by the nature of the inquiry it is 
desired to make. Lashley (1915) found that with increasing skill 
developed in successive equal practice periods the range of scatter of 
archery “shots’’ decreases but that the relative variation remained prac- 
tically constant (the same number of shots being made in each period). 
In such cases it is tempting to conclude that the mechanism of variability 
is one which is independent of that governing the change in accuracy 
due to experience. Similar conditions appear in certain other data 
relating to learning, memorising, and forgetting. In the early excite- 
ments connected with the popularization of biometry a similar problem 
arose as to the proper index of variations in the measurements of organ- 
isms (cf. Duncker, 1900), namely, the question as to whether (1) the 
standard deviation of a character, or (2) the latio between this statistic 
and the mean (or median) of the character is a proper index of its 
absolute variability. Verschaeffelt (1894) assumed the second of these 
alternatives, and Davenport (cf. Brewster, 1897), Pearson (1897), and 
others also assumed the relation between rr and the average for a char- 
acter to be similar to that between the errors of measurement by succes- 
sive applications of a foot-rule and the length measured. Duncker 
(190()) believed that there^ is no relation whatever between the average 
magnitude and the variability of a character, since in his view the causes 
of variation are to be considered essentially different from the factors 
determining total size. The argument included the notion tluit homol- 
ogous chai*acters in allied forms ought to show similar indices of varia- 
bility but not necessarily equal average values. Certain scries of 
measurements (as of rostral spines in Paine moneies) show variation in a 
way supporting this view. In general, a coefficient of variation of the 
order of 5 to 10 per cent is found for continuously varying biological 
characters; for seriations of integral variates C.V. tends to be larger, and 
more irregular, while or is relatively more constant. The problem 
assumes a slightly different form, however, when the intention is to 
investigate variation as a function of some controllable quantity external 
to the organism. We can illustrate this briefly by means of data drawn 
from studies on the relations between temperature and the speeds or 
frequencies of certain processes in organisms. 

We choose data of this sort because it again shows a way in which 
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variation of performance, instead of remaining a handicap, can be made 
to prove something in a useful w^iy. This requiies experimentation with 
the utmost care for the control of all recognizable external sources of 
difference in the mean values of the measured quantities, other than 
provided by the single variable one uses for the investigation The 
control of this one variable, temperature, must be as exact as possible. 
Where the temperature of the organism differs from that of the sur- 
rounding medium it must be measured by special means. Into the techni- 
cal side of such operations we need not go. If the frequency of the 
heart beats be measured, let us say, in caterpillars of the same stock, at 
each of a good number of temperatures, over a range of temperature 
within which change of temperature produces no irreversible effects, there 
is found a definite and smooth relationship betvreen temperature and 
frequency. The observations are secured in such a way that the time is 
always measured for 10 beats of the pulsating vessel. A well-known 
law, with adequate theoretical underpinning, relates the velocities of 
chemical reactions proceeding at measurable speeds to temperature. It 
states that the velocity constant is proportional to the exponential of 
— fi/RT, where R is the gas constant, T is the temperature on the Kelvin 
scale, and /x is a quantity having the dimensions of ‘‘energy of activation” 
of the molecules whose activation governs the rate of the process.- It 
happens that the same equation applies to the biological situation. The 
problem then arises, does the quantity fi have, in such instances, a specific 
significance? It is possible to suggest a good many reasons why it 
might not have any specific significance. Protoplasm is colloidal ; temper- 
ature influences its viscosity; and the like. Such suggestions are more in 
the nature of apologies for avoidance of rigorous experimentation, how- 
ever, than anything else, and appear to be pretty certainly based upon 
misconceptions of the role of viscosity and diffusion in microscopic sys- 
tems, because it would then still remain mysterious why relations of the 
type illustrated in Figure 38 are in fact the rule (with indeed but few 
exceptions). We are not at the moment concerned with this problem 
of the possible specific significance of magnitudes of the constant /x in 
biological systems, which the evidence, however, clearly supports, but 
with the method of using the variability of the measurements. The plot 
in Figure 38 shows that the “time for ten movements” is not absolutely 
constant. Neither does it vary at random. On a logarithmic plot of 
the function 

— g/i^r 

1/time for 10 movements=/a ^ 4"Const., 

this is, in terms of the physicochemi'eal theory previously mentioned, the 
observations tend to He strictly in a band with parallel edges. The lati- 
tude of variation is then such that the highest frequencies of movement 
are a constant times greater than the lowest frequencies (Crozier and 
Stier, 1924-25<flr). This means that the latitude of variation is a constant 
percentage of the mean frequency md is independent of the temperature. 
Since the latitude of variation in such experiments is far outside the 
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To Illustrate Certain Features of Variability of Performance in a Living 

System 

A typical example of the relation between the frequency of breathing movements 
and (internal) temperature in a young mouse. The points on the upper curve 
are averages of 40 leadings each. Log frequency declines rectilinearly with 
increase l/T, where T is the temperature Kelvin. The log of the probable errqr 
of the mean time for 10 movements increases in the same manner. Hence the 
relative variation of the mean frequency (or time for a constant number of 
movements) is independent of the temperature. A temperature of 25 ®C. is ^‘criti- 
cal” for the mice of this particular strain. This is shown both by a decline 
in frequency of movements and by the concurrent increase in variation. 

(Data from experiments by Dr. G. Pincus.) 

limits of any possible ^‘errors of measurement,’^ and certainly represents 
organic variation, this means that the physical condition of the milieu in 
which the frequency of movement is determined is not significantly 
altered as a function of temperature. More generally, the temperature 
coefficients of the various processes determining the apparent value of 
must be the same, which is highly unlikely if there be more than one such 
process. The variability of the frequency, as a function of temperature,, 
is ssero, or indistinguishably close thereto (Crozier, 1924-25^, etc.). 
One is thus allowed to conclude that change of temperature (within 
specified limits) does not alter in any relevant way the physical properties 
of the system in whicli there take® place the process determining the 
expression of the mean frequency of movement as a function of 
temperature. 



\V. J. CROZIER AND HUDSON HO\OLVND 


49' 


With regard to a variety of instanccb invol%inu ements of 

excitation and response, these methods have now given vciy interesting 
checks upon the worth of the obser%^ations (cf. Hoagland art! Ciar/ie/, 
1931-32; Wolf and Crozier, 1932-33; Wolf, 1932-33. etc.). The 
results speak powerfully in support of the view that the variation of 
behavior of living organisms is neither random nor lawless — and that 
its character may be quantitatively predicted. 


V 

Tropistic Analysis of Receptive Mechanisms 

Under certain conditions it is possible to account quantitatively for 
elementary manifestations of geotropic and of phototropic orientation. 
It is desirable to exhibit in a summary way^ specific appliptions of the 
analyses. These consist, in a sense, in testing one^s ability to predict 
quantitative features of response in situations such that both phototropic 
and geotropic orientation are in evidence. Conceivably, this sort of 
inquiry might ultimately be pushed to include the nomographic reprC’* 



(From i. Gen. Physiol*) 
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sentation of determined conduct when such variables as gravity, light 
intensity and wave-length, galvanic current, temperature, oxygen tension, 
time, and other conditions can be controlled. Thus far, the data do not 
exist for such an extension, and the simpler instances about to be men- 
tioned are, from an experimental standpoint, difficult enough. 

With young rats it was possible to expect (Crozier, 1926-27r), from 
previous acquaintance with the geotropic orientation and phototropic 
orientation (in the case of animals with unopened eyes), that the inten- 
sity of light required to effect a definite phototropic counterbalancing of 
the geotropic orienting influence should be a power function of the sine 
of the angle of inclination of the cieeping plane (Figure 39). It was 
also possible on the same basis to account for the changing variability of 
the measured values of / as a was increased. It is of interest to deal 
at greater length with a case where time cnteis as an additional variable. 
This will illustrate the general problem of orientation in compound fields 
and also the way in wdiich the results of this procedure lend themselves 
to a more penetrating treatment of mechanisms of excitation. The 
experiments involve the effect of phototropic excitation upon the direction 
of^ gravitationally oriented creeping of the slug /hjriohmax. The oper- 
ative problem first consists in securing a measure of the orienting effect 
of light, with the gravitation influence held constant. In darkness a 
negatively geotropic Agriolimax upon a vertical surface creeps straight 
upward. When light (horizontal rays) falls upon one side of the 
animal, previously dark-adapted, it continues to creep upward but at the 
same time away from the light, the path departing from the vertical by 
an angle (Figure 40). Time enters as a variable, since photic adap- 
tation is fast. While it would be preferable in some respects to measure 
at each chosen moment the intensity of light necessary to produce a 
constant deviation of the path from the vertical, it has been easier to 
measure the deviation itself as a function of time (Figure 41) (cf. 


<- 

<- 


FIGURE 40 

Orientation of negaftively geotropic and negatively phototropic Agnolmax on a 
vertical plate with light from the right— to indicate terminology of the phototropic 
(L) and geotropic (g) vectors, the angle of orientation {6) and its comple- 
' ment (p). 

(From Jf* Gen. PhystoL) 
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Successive Trails Made by Initially Dark-adapted Agriohmax on a Vertical 
Plate, Light i-rom the Right, at Intervai-s of 1 Minute (Mid-Points)^ 

This gives the form of the records as available for analysis ; actually the trails all 
began at the same point. 

(Fiom J. Gc?i. Physiol ) 


Wolf and Crozier, 1927-28). Two forces are apparent in such experi- 
ments. The light leads to photonegative orientation, and the geotropic 
stimulus forces the slug to creep upward. If, during exposure, the test 
light is removed, orientation is at once upward. If, on the other hand, 
the inclination of the creeping plane is decreased, orientation is more 
completely away from the light. Therefore the path actually followed 
depends upon the effects of concurrent continuous stimulations of the 
two kinds. Tht geotropic stimulus may be regarded as constant. Then 
the angle /3 depends on the relation tan where L is the photo- 

tropic vector. We may assume that at any moment the photic irritability 
is proportional to an amount of photosensitive material S, only very 
slowly produced by the processes underlying dark-adaptation, and that 
the photolysis of S adheres to the kinetics of a first-order reaction ( Hecht, 
1922-23, 1923-24, 1924-25). This means that over any short interval 
the decomposition products formed from 5, which are responsible for 

excitation, will be proportional to and thus to , when Sc is the 

amount of S at complete dark-adaption. Inserting this relation in the 

— A7 

previous equation, tan should be proportional to e , and log tan ^ 
should be directly proportional to — t (Figure 42). Moreover, the rate 
coefKcient of light-adaptation, K in the preceding expression, would be 
expected to be practically proportional to the logarithm of the intensity of 
the light used to produce adaptation. Both ^ of these expectations are 
verified. They are further checked by the orientation effect with forms 
only very slowly adapting to light (cf. Yagi, 1927-28), as in Lmaxj even 
where the vectors g and L are not at right angles ( Figure 43 ) . 

Since ^ decreases with time, it might be suspected that the slug 
“learns’’ to overcome the effect of the light. This would suppose that 
the concomitance of geotropic and phototropic excitations produces, cen- 
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The Course of Licht-Adaptation in Five Series of Experiments, at Two Differ- 
ent Intensities: for Series IV, V, 16.32 f.c.; for Series 
VI TO Vlil, 73.69 F.c. 

(From A Gen. Physhl.) 

trally, a “block” for photic impulses (or else, enhances the geotropic 
effect). This would be interesting in itself, if verifiable, since the pro- 
cess clearly obeys a definite law. The alternative interpretation is that 
the photic adaptation is direct, and occurs in the eye. By means of 
experiments in which the animal creeps on the vertical plane only during 
the brief interval required to measure the exposure to light being 
continuous, it wa^s shown (Crozier and Wolf, 1927-28) that the measur- 
able adaptation does not depend upon the simultaneous competitive action 
, of the geotropic stimulation (Figure 44) ; it must therefore be regarded 
as (located in the eye. 

notiop that excitation by light is a photochemical matter and that 
tlie of photic reactivity and its recovery after exhausion may 

be ih 8^e fashion connected with a reversible photochemical receptor 
system seems, to have been held in a very general form since Hering. 
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FIGURE 43 

A. A slug {Ltmax)f previously dark-adapted, is creeping on a vertical plate of 
ground glass which has been moistened. It is illuminated at an angle from one 
side by light from a small condensed-filament lamp. To avoid efiects of the 
observer's breathing currents, the path of the slug is observed from the other 
side of the plate. At the point C the slug is under the influence of an orienting 
field containing two significant vectors:' a gravitational vector G, which is as- 
sumed constant; and a photic vector L, of magnitude assumed proportional to 
log L I is measured at C, with a photometer ^ving illumination in foot candles. 
The direction of progression is given by the heavy line. Then if the assump- 
tions are valid 

L ^ K \o% I 

\sin A 



or, 


fir'ain 

— - — » log /. 

sin A 


B. The plot in Figure B shows that the equation is satisfactorily obeyed, 
residual variation is about the same at all points (m. ± 4,0®). 


The 
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FIGURE 44 

The Angle of Orientation of Agriolimax, the Departure (5) from a Vertical 
Path upon a Vertical Plane as Forced by the Fhototropic Effect of 
Light from One Side, after Increasing Periods of Exposure 
to Illumination of 29.4 f.c. 

The slugs were creeping upon a horizontal surface except during the half minute 
required to obtain the orientation trail. The observations are plotted as bars 
centered on the means, with height = 2 P.E. The curve is that of the equation 
time = 1.77 — 0.290 logio tan jS, 

and Ae agi cement with the observations shows that, as previously found (Wolf 
and Crozier, 1927-28), log tan decreases linearly with time. 

(From 7. Grn, PhysioL) 


Growing knowledge of the chemical effects of light made it attractive to 
translate such ideas into photochemical terms. An early attempt to treat 
the question precisely and specifically, but with some important deficien* 
cjes, was made by Muller (1896). To explain the simultaneous exhibi- 
tion of capacity to react to a sharp decrease in light intensity and also 
to be excited to^ phototropic movements by the continuous action of light, 
as seen in the integument of certain holothurians, it was suggested that 
the same photochemical system, if part of a reversible reaction of a certain 
kind, might be conceited to serve for both modes of stimulation (Crozier, 
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1915). Hecht has been able to achieve the step-b)^-step proof, in a very 
satisfying manner, that a particular type of reversible photochemical 
system underlies photic excitation in such forms as Mya, Giuna, Pholas, 
and in the human eye. A major property of the underlying mechanism is 
adequately expressed (Hecht, 1918-19, 1922-23) in the following para- 
digm, where S represents primary photosensitive substance, P and A two of 
the products of its photolysis 

light 

S P A, 

daik 

The system is reversible, and with time, under continuous constant illumi- 
nation, there is established a stationary state (“equilibrium’’). The “dark” 
process, of which the kinetics serve to describe the course of dark-adaptation, 
is definitely bimolecular (Hecht, 1926-27), with high temperature charac- 
teristic; the “light” reaction is of first order, and negligibly influenced by 
temperature (Hecht, 1919-20/z). 

These relationships have been established most elaborately by means 
of experiments with organisms in which the speed of response following 
the delivery of a measurable quantity of light gives data necessary for 
the quantitative treatment, and in which light-adaptation is rapid and 
photic excitation therefore necessarily discontinuous. To carry over 
such considerations to the analysis of continuous excitation, as in photo- 
tropic stimulation, it has been necessary to find phototropic organisms in 
which the rate of light-adaptation is measurable, neither inconveniently 
rapid nor too slow. The photic adaptation of Apriolimax has been fol- 
lowed by causing the phototropic influence of the light to work against 
the “brake” provided by a vectorially constant excitation of a different 
kind, namely, that due to gravity, acting at right angles to the phototropic 
vector. The function of such a “brake” in contributing to the signi- 
ficance of the measured orientations has been discussed previously in 
relation to circus movements (Cros&ier and Fedcrighi, 1924-25rtf). Data 
necessary for treatment of the light-adaptation are obtained from meas- 
urements of the resultant angles of orientation as related to time and to 
intensity (Wolf and Crozier, 1927-28). Such measurements are possi- 
ble because the rate of light-adaptation, especially at temperatures in the 
neighborhood of 15* or slightly above, is so much faster than that of 
dark-adaptation, as adequate tests showed. It was easily established 
that the rate of light-adaptation is very little influenced, if at all percepti- 
bly, by temperature; and that its course follows that of a first-order re- 
action in which the “velocity constant” is a linear function of the logarithms 
of the light intensity, as already indicated. These phenomena therefore 
ppallel, in an exact manner, the properties of the “light” reaction already 
discussed. 

The interpretation of dark-adaptation during phototropic excitation re- 
quires measurements of the photic excitability at successive intervals 
following exclusion of light from individuals previously light-adapted. To 
reduce the probability of adventitious errors of estimation the experiments 
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were made at a temperature high enough to bring the time for practically 
complete dark-adaptation down to a little over one hour. At about 12% 
the time required may be as long as three to four hours; at 20.5®-22‘’, 
the temperature prevailing throughout the present experiments, the time is 
less than half of this. Since light-adaptation, as measured by the power to 
influence geotroptc creeping on a vertical surface, is effectively complete 



The angle (/S) of orientation of Agriolimax away from the vertical path on a 
perpendicular plate, as enforced by exposure to horizontal light of 29,4 f,c* on the 
right side, at successive minutes during exposure, following increasing residence 
in darkness (S to 60 minutes) of slugs initially light-adapted. Time of exposure 
plotted against log tan /S gives graphs sensibly rectilinear. The intercepts of 
these graphs on the ordinate axis give a means of estimating the photic excitability 
at the very Srst moment of exposure to light (see text). (Tlie ordinate axis 
has been shifted rerturally for **30 min.” and for ‘*45 min.” and *‘60 min.” to 

obviate overlapping.) 

, (From J. Gen. PkysioL) 
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within about five minutes, as a rule, with hiji^h intensities, the experiments 
must take the form of establishing curves of light-adaptation as ailected 
by known preceding periods in darkness. From such data it is required 
to deduce the ideal photic excitability at the last moment in darkness, 
before the exposure has begun, or in other words the kinetics of the “dark” 
reaction. 

The simplest assumptions which serve to explain the data are the 
following: We suppose that the excitation at any moment is proportional to 
— ds/dt. The intercepts on the logio tan axis at zero time ot exposure to 
the light (Figure 45) give measures of — ds/dt at the first instant of ex- 
posure (Figure 46). The ratio tan /3<)/ tan jSty labeled R, where is the 



FIGURE 46 

The “dark” restitution of S through a second-order reaction with positive 
catalysis would require that the photic excitability, — ds/dt, or its proportionate 
equivalent, l/R, should exhibit a maximum velocity of change when {St) has been 
brought to a little less than 2/3 ; I/R should therefore pass through an 

inflection point when l/R = a little less than 0.67 — ; the inflection is found at 

l/R 0.64. 

(From Gen* Physiol.) 


intercept angle for fully dark-adapted slugs, permits one to manipulate the 
resulting equations with somewhat greater ease- At different levels of 
dark-adaptation the formation of sensitive material must be taken into 
account. Various simpler hypotheses do not agree with the facts so far 
obtained, and the '*dark*' reaction in question has to be taken as a second- 
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order reaction with positive autocalalysis. The differential equation for 
such a process is: 

ds 

[r + (S^—x) 

dt 

where Sq = concentration of S at complete dark-adaptation, x = con- 
centration of P or A, and K' and K 2 are velocity constants. It is usually 
sufficient to neglect the constant K\ which in most autocatalytic systems 
appears to be very small. The photolysis of S requires — ds/dt = JSli (So 
— W hen both processes go on together, 

— ds/dt = A"iSo — K\x — K^S^xr-^K^x^. 

The integral equation to which this gives rise is superficially formidable, 
but a variety of simple consequences at once derive from it and are found 
to correspond with directly ascertained experimental data: 

1 ^1 

ATj— ( 2 ( 

K2S0 — St) \ 

H tan . 

\/KiK2 ^ 

For example, the second derivative of this expression gives the way in 
which the ratio R should change with time of dark-adaptation; it should 
be found that l/R, plotted against time, is a sigmoid curve with an inflec- 
tion point occurring when the dark reaction is just a little less than 0.67 
completed. The experimental value is 0.64 (Figure 46). The rate of 



FIGURE 47 

The second-order **dark” formation of S requires that the rate of light-adaptation, 
ie., change of -^s/dt should be a minimum when ds/dt is increasing most rapidly. 
The minimum found shows precise agreement with this requirement. 

(From /. Gen. P/iysioL) 
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light-adaptation at different levels of dark-adaptation, the sifjpe oi each 
line in Figure 47, is given by 

(Ps 

= Ki — 2K2 S^x + 3Kx-, 

dt dx 

and this must pass through a minimum value at a period of dark-adaptatiun 
corresponding to the point at which the curve l/R is inflected. Hiis 
is true experimentally. Moreover, for early stages of light-adaptation, 
at any level of dark-adaptation, as in the present measurements, log 
tan P (i.e., log S) should be almost linearly related to — t, since 
is known to be much less than K\, Other deductions might be mentioned, 
but enough has been said to indicate the way in which the results of com- 
pounding tropistic effects can be employed, in this case, as a test of the 
tropism concept and for the development of its utility. 

VI 

Chemical Pace-Makers and Behavior 

To illustrate the functional analysis of complex behavior by the use 
of an equation with dimensionally significant variables and constants we 
may consider the effects of temperature on living systems. Events oc- 
curring in living systems are known to be affected markedly by tempera- 
ture. The rates and frequencies of occurrence of a great diversity of 
vital processes are fitted by the sort of equation describing the relation 
between temperature and measured rates of chemical reactions, and the 
descriptive constants have the proper order of magnitude. 

The range of temperature over which most organisms exist is small, 
roughly from 0 to 40‘’C. for poikilothermous animals (38^3** for most 
birds and for mammals). Higher vertebrates have developed complex 
nervous and chemical mechanisms which maintain constancy of body 
temperature. Among these animals, except for periods during early de- 
velopment and in hibernation, changes of a few degrees in body tempera- 
ture may produce irreversible chemical changes which result in death. 

The relation between temperature and equilibrium states in chemical 
systems, rates of reactions, and the nature of resulting end-products, has 
been examined in considerable detail for numerous homogeneous and 
heterogeneous inorganic and organic systems. The theory of the rela- 
tionship has been most completely worked out for reactions occurring 
in the gas phase. Temperature proves to be an especially convenient 
physical variable because of its comparative ease of control and the high 
degree of accuracy of methods available for its measurement. The in- 
fluence of temperature on the rates of the vast majority of chemical 
reactions is quite marked. The rate is usually doubled or trebled for a 
rise of temperature of 10®C., within the temperature range ordinarily 
considered. In the case of reactions in solution, which are the most 
important ones from the standpoint of biochemistry, other variable fac- 



60 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


tors, besides the temperature, which may determine the apparent velocity 
of reaction are the amount of undecomposed reactants, the amount of 
products formed by the reaction, diffusion effects, the surface distributions 
of catalyst and substrate, and the concentration of the dissolved^ catalyst. 
A catalyst is a substance which accelerates a reaction as a function of its 
concentration, but which is found at the conclusion of the reaction to be 
present in the same concentration as at the start. It is probable that in 
solutions all chemical reactions with measurable velocities are catalyzed. 
Very minute traces of catalyst are usually effective. 

Studies of chemical reaction velocities have given information of 
great significance concerning mechanisms of the reactions. In the 
simplest cases, under constant conditions, rates of chemical reactions are 
found to be proportional to the concentrations of the reactants as required 
by the law of mass action. According to this law the first conditions for 
a reaction between molecules A and B is that they shall be in contact. 
The probability that a molecule of A shall be in a given position at a 
given time is proportional to the number of molecules of A, or the con- 
centration of A, in the reacting system. Similarly for molecules of the 
species B, The probability that a molecule of A shall meet a molecule of 
B is equal to the products of the two probabilities that A and B shall 
individually be present in the same space at the same time* li a and b are 
respectively the concentrations of A and B this product is ab* The prob- 
ability that m molecules of A will meet n molecules of B is proportional 
to a^b^» The rate of the reaction at constant temperature will, therefore, 
be 


da 

dt 


it 

dt 


= k a^b^^ 


where k is the velocity constant of the reaction with the dimensions of 
reciprocal time, i.e., a rate. The velocity constant is an important means 
of characterizing a reaction when extraneous variables are effectively con- 
trolled. ^ ^ 

In complicated systems involving several serial reactions of the form 


ki k% kz 

A B ^ C D 


one specific velocity constant may characterize the formation of the final 
substance D- This is true if one of the reactions in the series is very 
slow compared to the others. The velocity for the formation of D will 
approximately depend upon the slowest link in the spies so that the 
smallest of the three velocity constants may characterize the sequence,* 


A-*D. 


• T has led to the notion of the “master" reaction as the slowest 

resKjiioili in a series of irreversible processes. The conception of the con- 
trp^g ;(pa«er reaction has proved useful in interpreting a number of 
physiblo^icilii events, Robertson (1923), and more recently Crozier (1926- 
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21a), have used it in formulating the chemical kinetics untieii} ing the con- 
trol of the growth of organisms. We shall consider applications of the 
conception of controlling master reactions to certain specific problems of 
animal behavior. It should be noted that the conception of the master 
reaction depends only upon the relative rates of the linked irreversible 
processes, i.e., the relative magnitudes of velocity constants, without hy- 
pothesizing any particular mechanism of the reaction, and without assump- 
tions as to the means whereby the successive steps in the chain of events 
are interconnected. 

Let us consider how the velocity constant is related to the fundamental 
properties of reacting molecules and to the temperature. In the case of 
reversible chemical systems of the general form 

A “f" C -j- JDj 

^2 

at constant temperature, again designating concentrations of the respective 
substances by the small letters dj h, c, d, we have 

hx a.b = ^2 cA 

and 

A — — , 

^2 a.b 

where K is the equilibrium constant for the reversible system. 

This equilibrium constant Van*t Hoff showed to change with tempera- 
ture according to the equation 

dlnK _ AH 

dT ““ RT^ ' 


where T is the absolute temperature, R is the gas constant, In K is the 
natural logarithm (to the base e) of the equilibrium constant, and AH is 
the heat of the reaction. 

Arrhenius in 1889 pointed out that 

AH = fX2 

where fti and are the respective heats of reaction of the forward and 
back reactions. Since each of the individual velocity constants, kx and 
varies empirically with temperature, according to the same equation as that 
describing the behavior of equilibrium constants we have, 

dlnhx /Ai d In ft2 

df ^ RT^ * 


Integration of the general Arrhenius equation, in this form, yields 






where e is the base of natural logarithms and k is a velocity constant. 



62 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


Arrhenius was led to the conclusion that /x is essentially an energy of 
activation, that is, the amount of energy which must be absorbed by a mol 
of substance in order to make it react. Subsequent workers in recent years 
have shown this assumption to be justified. Colliding molecules do not 
react unless they have received a threshold increment of energy over and 
above the average, either in the form of radiant (thermal) energy from 
the environment, or as kinetic energy of collision, or from their own inter- 
nal degrees of freedom (Tolman, 1927; Rice, 1923; Hinshelwood, 1929). 
(Cf. also Taylor, 1931.) This '‘critical thermal increment” or liminal 
activating energy is a chaiactenstic of the reacting molecular species. 

Catalysts, which include enzymes, are believed, in general, to facilitate 
chemical reactions by forming intermediate compounds with the substrates. 
These compounds are considered to require a much lower threshold cneigy 
of activation than the substrates alone so that they decompose readily into 
the catal^'st and other decomposition products. This may be illustrated 
by a quotation from Hinshelwood (1929). 

Suppose the leaction A B — ^ A H- B is accelerated by a homogeneous 
catalyst which founs a complex with the molecule A B. The reaction 
would be accelerated if the molecular compound A B.C had a much 
lower energy of activation for the change A B.C *-» A + B + C than 
the molecule A B had for the simple decomposition. 

*‘Let the energy of activation of the simple reaction be Ei and that 
of the catalysed reaction be (Et— ei). Now at equal concentrations 
the complexes will decompose more rapidly than the molecules in the 
. (Ei--ei)/RT ei/RT 

ratio — which equals e 

E,/RT 

Since e-i in the above discussion is the molecular energy of activation of 
the catalyst we might expect that different substrates catalyzed by the same 
substance, other conditions being equal, would yield the same critical 
thermal increment, or /a, of the Arrhenius equation. There is some 
evidence that this is true, and more is being accumulated. A value of 
p. = 1 6,000 ± calories has been found, for example, from data upon iron 
catalysis in connection with aerobic respiratory oxidations in cells and in 
charcoal respiratory models containing traces of iron. The value of /* = 
1 1 ,000± calories has been found in connection with hydroxyl ion catalysis, 
/i = 20,000± calories appears to be associated with many reactions 
catalyzed by hydrogen ion (Rice, 1923). 

In recent years the Arrhenius equation has been extensively applied to 
biological systems. Most of this work has been done since 1923 by 
Crozier and workers in his laboratory. Various poikilothermous organisms 
(those which do not possess temperature-controlling mechanisms) have 
been placed in accurate thermostats (cf. Crozier and Sticr 1932-33) and 
aspects oi their behavior have been studied between temperatures of from 
,0 tq 40'*C. The phenomena examined have been diverse and include, 
others^ frequencies of heart rates (Crozier and Federighi, 1924- 
25rf), impiratory movements (Crozier and Stier, 1924-25dz, 1924-25^), 
rile beating of , cilia (Crozier, I924-25<2), growth (Crozier, 1926-27^), 
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rates of segmentation of eggs (Crozier, 1924-25^), sensory reaction-times 
of organisms (Hecht, 1926-27), the production of COo, and the utiliza- 
of oxygen by plant and animal tissues (Tang, 1931-32; Crozier, 1924- 
25<^), the frequency of chirping of crickets (Crozier 1924-25^), and the 
release of pedal movements from the central nervous systems of ants 
(Crozier 1924-25^). For a discussion of this work see especially Crozier 
(1924-25tf, 1924-25^), also Stier (1932-33). The rates, or frequencies^ 
of these processes are found to obey the Arrhenius equation, which may be 
written most conveniently in the form 



where ki and ^2 are rates of physiological activities, frequencies, etc., as- 
sumed to be directly proportional to the velocity constants of underlying 
chemical reactions at the absolute temperatures Ti and T 2 ) R is the gas 
constant and /x is the critical thermal increment or temperature characterise- 
tic (Crozier, 1924-25^z). 



FIGURE 48 

The Frequency (100 Divided by Time for 10 Movements) of Rhythmic Opercu- 
lar Movements in Six Goldfish (Different Symbols) at Different Tempera- 
tures, When the Pectoral Fins Are Not Obviously Moving 
The four most divergent points are single observations ; the majority of the others, 
averages of four or more closely concordant readings. The critical increment is 
16,500 calories. (The observations pertaining to one individual [black circles] 

are divided by 1.34.) 

(From /. Gen. PhysioL) 

Figure 48 shows a typical Arrhenius equation plot of the frequency of 
opercular breathing movements of goldfish as a function of temperature. 
The value of = 16,500 calories implies the central release of respiratory 
discharges at a frequency directly proportional to the speed of a continuous 
oxidative process in the cells, possibly catalyzed by iron. Figure 49 shows 
the effect of temperature on the rate of chirping of crickets. The value of 
II == 12,200 calories. The figure implies the central release of the chirping 
activity at a frequency directly proportional to the speed of a specific 
chemical reaction in the central nervous system. 




64 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 



FIGURE 49 

The Rate of Chirping of the Tree Cricket (Ecanthui as a Function of 

Temper \TURE 

B — data from Bessey and Bessey (1898); E — data from Edes (1899); -S'— data 
from ShuU (1907) ; the last series is probably the most significant. The observa- 
tions were all made in the field. 

(From J, Gen. Physiol.) 


The equation describes the data for a wide variety of vital processes, and 
the magnitudes of /i have been found to be highly significant in that they 
are not scattered at random .but are found to be grouped in definite modes. 
The multimodal frequency distribution curves of temperature characteris- 
tics implies the existence of a limited number of catalytic substances in- 
volved in the control of master reactions determining rates of a wide 
variety of physiological processes, including the emission of repetitive dis- 
charges of impulses from nerve centers. The values of for all known 
observations clearly exhibit modes at 8, 11, 12, 16, 18, 20, 22, 24, and 32 
thousand calories (Crozier 1925-26), 

The slowest of a series of consecutive reactions involved in the pro- 
duction of a physiological response is called the ‘^master'* reaction. If 
among hundreds of such reactions in living systems there are a few com- 
monly recurring ones which are slow with respect to the others we mi^ht 
expect to find these few acting as pace-makers for a great variety of dif- 
ierent events in photoplasmic systems. This actually seems to be the 
the nine above modes for ft values having been obtained from 286 
different physiological processes, 

Many processes are found to give different values of ft on either side of 
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a critical temperature. This has been interpreted as indicating the ex- 
istence of two or more consecutive dependent reactions of the form 

kx 

in which the velocity constants kx and are not affected to the same 
degree by temperature so that on one side of a critical temperature kx > 
while on the other side of this temperature > kx* In such systems we 
have seen that the slower of the two reactions (i.e., the one with the 
smaller velocity constant) is the ‘^master’^ reaction or pace-maker for the 
system. The analytical significance of these critical temperatures, from 
the standpoint of biochemistry, along with certain deviations from the 
Arrhenius equation encountered in some processes has been discussed else- 
where (Crozier, 1924-25Z>). For a consideration of the role of successive 
irreversible processes in the maintenance of steady states in photoplasm see 
Osterhout (1922). 



FIGURE 50 

Typical Observations on Frequency of Heart Beat and of Respiratory Move- 
ments Made Simuitaneously by Two Observers from Two 
Experiments with Daphnia Over a Wide 
Range of Temperature 

Open circles refer to- ‘‘giU’* movements, solid cirejes to heart beat 
(From J. Gm. Physiol.) 

Figure 50 shows the effect of temperature on the heart beat and gill 
movements of Daphnia (Stier and Wolf, 1932-33). Two temperature 
characteristics for gill movements are in evidence on either side of the criti- 
cal temperature of 13*^0. Figure 51 illustrates the effect of temperature on 
the frequency of nerve impulses disdharged from "spontaneously” active 
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FIGURE 51 

Frequency of Nerve Impulses from “Spontaneous” Active Lateral-Line 
Receptors of Catfish as a Function op Temperature 
The number of the experimental points indicates the order in which they were 

determined. 

(From J, Gen* Physioh) 

lateral-line receptors of catfish (Hoagland, 1932-33^). The nerve was 
at constant temperature; the temperature of the receptors was varied. 
Figure 52 is an Arrhenius equation plot of this type of nerve-impulse dis- 
charge. The impulses appear to be released at frequencies determined by 
^ the rate of continuous underlying reactions in the receptor cells. 

As we have seen, an equation of the same general form as the Arrhenius 
equation earlier proposed by Van^t Hoff to account for the effect of 
temperature on reversible chemical systems. This equation substitutes 
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FIGURE 52 

Plot of Temperature vs. Freciuencv According to the Arrhenius Equation 
(From J Cm, Physiol,) 


equilibrium constants for the velocity constants of the Arrhenius equation* 
The equilibrium constants, since they are each ratios of the velocity con- 
stants of the reversible reactions, do not give diagnostically significant values 
of ft* The value of the thermal constant for the reversible system (generally 
called Q or AH) is here essentially equivalent to the algebraic sum of the 
critical thermal increments for the forward and back reactions. The fact 
that most biochemical reactions involve essentially dynamic steady states 
produced by successive irreversible processes instead of thermodynamic 
equilibria renders the temperature characteristics of greater significance in 
protoplasmic systems, since the thermal constants may frequently be simple 
energies of activation of catalysts, as is suggested by the recurring modal 
values of ft for different processes. 

The molecular significance of fi has been strikingly demonstrated by 
some experiments of Pincus (1930-31), who tested the inheritance of 
temperature characteristics determined for the respiratory movements of 
very young mice of highly inbred strains and their crossed progeny. By 
using mice only a few days old, before the development of their tempera- 
ture regulatory mechanisms, it was possible to obtain /a values over the 
range of 15 to 25 X* Various highly inbred strains were used. Young 
mice of one strain gave consistently ft 24,000±: calories or, less fre- 
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quently 28,000±: calories for frequencies of respiratory movements. Those 
of another inbred strain gave values of 34,000±:, or, less frequently, 14,- 
000±: calories. The Fi hybrids of these two strains and the back-cross 
generations to either parent strain “exhibited only those four values ex- 
hibited in the parent strain and none other. One may therefore speak of 
the inheritance of the value of the constant ixJ* 

This kind of analysis of events occurring in living systems indicates that 
an individual cyclic activity such as the heart beat, lespiratory movements, 
and rhythmic release of impulses from nerve centers is, in general, con- 
trolled by a specific master chemical reaction (probably the slowest reaction 
in the consecutive processes which result in the performance). A variety of 
evidence, aside from temperature considerations, supports this point of 
view^^ The work of Sherrington and his collaborators (1932) has oc- 
counted for phenomena of reflex excitation, inhibition, occlusion, facilita- 
tion, and aftei -discharge in reflex centers in terms of excitatory and in- 
hibitory states which may sum algebraically, essentially as specific chemical 
entities, facilitating or inhibiting the passage of impulses across synapses. 
Adrian (1928, 1932) and others have shown great differences in the 
abilities of receptors to discharge nerve impulses in response to constant 
.stimulation. Superficial tactile receptors adapt very rapidly, giving only 
a few impulses in response to a constantly applied pressure (Adrian, 
Cattell, and Hoagland, 1931; Cattell and Hoagland, 1931; Hoagland, 
1932-33c^ 1934-35); muscle spindles adapt much more slowly, initiating 
impulses in their nerve fibers for a minute or more during a constant ten- 
sion on the muscle (Matthews, I93la, \9Z\b). Hoagland (1932-33^) 
found that the lateral-line receptors in certain fishes are normally in a state 
of constant excitation, discharging impulses over the lateral-line nerve 
fibers spontaneously at definite frequencies. The spontaneously dis- 
charging lateral-line receptors seem to be end-organs which essentially 
show no adaptation. It is as if normal metabolic processes occurring in 
these receptors were capable of maintaining an excitatory state such that 
nerve impulses are initiated at a frequency determined by this excitatory 
process. The pattern of frequencies from the receptors under varying 
conditions gives evidence for believing that the frequency of the discharge 
depends upon the velocity of a continuous chemical process within the re- 
ceptors (Hoagland, 1933-34). Figures 5 1 and 52 describe the effect of 
temperature on this process. 


®It should be cautioned that the same value of g is not necessarily always found 
for the same physiological function. That is to say, for example, there is no 
particular generally characteristic of heart rates alone. There are, however, 
certain values which hold for heart rates fairly constantly among related species 
of animals. This in no way invalidates the theoretical significance of the tempera- 
toe charactteristic for physiological analysis (cf. Crozier and Stier, 1927-28). Proto- 
- is essentially complex and with a number of potential master reactions to 
e^rol a phenomenon it is not surprising that different reactions may serve in this 
tohcilsy In different organisms or even in the same organism at different timcsi 
stress of variable internal conditions. 
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A somewhat similar state of aifairs appears to be maintained in the 
respiratory centers of animals; Adrian (1931) has shown that the brain- 
stem of the goldfish, when removed from the body, undergoes rhythmic 
and “spontaneous’’ changes of potential at a frequency corresponding to the 
normal opercular breathing rhythm (cf. Figure 53 and also Figure 50). 



FIGURE 53 

Rhythmic Potential Chancjes in the Isolated Brain-Stem of the Goldfish 
Compared with Record of Gill Movements in an Intact Fish 
From Adrian (1932, p. 82), b> permission of the University of Pennsylvania Press. 


Adrian (1931) has also shown that the thoracic and abdominal ganglia of 
the beetle Dytiscus tfimv/inalis periodically show variations in potential 
independently of afferent control. The electrical variations produce cor- 
responding bursts of impulses from nerves connected with the ganglia. A 
similar rhythmicity of the respiratory center of mammals and its funda- 
mental independence of afferent control have been demonstrated by Bronk 
and Ferguson (1933). Prosser (1934) has recorded repetitive, rhythmic 
discharges of nerve impulses (probably proprioceptive in nature) from 
ganglia of the crayfish. These impulses appear not to be initiated by af- 
ferent stimuli or by injury. For other references to studies of spontaneous 
activity in the central nervous system cf, Hoagland and Perkins (1934-35), 

Lillie (1929) made a model of a receptor with its attached nerve fiber 
from the well-known iron-wire, nitric-acid system. By covering a part of 
the wire with glass tubing he so limited the diffusion of acid, and hence 
the recovery process on the glass-sheathed wire, that continuous oxidation 
of the iron took place within the tube. This continuous action was found 
to set up rhythmic discharges of impulses over the acid-immersed wire out- 
side of the tube as fast as it recovered from the refractory period following 
each impulse. 

Parker (1932) has presented a variety of evidence for believing that 
substances excreted at nerve endings are responsible for the excitation of 
effector organs. 

We may consider the application of temperature analysis to certain prob- 
lems of psychological interest, and begin with the problem of estimating 
tinie. It is frequently possible to waken oneself within a few minutes of 
a time decided upon before going to sleep (Brush, 1930). Experiments in- 
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volving the wakening of sleeping subjects and having them guess the time 
have shown an accuracy of ±15 minutes (Boring and Boring, 1917). 
These facts, along with our normal waking estimations of duration, call 
for a timing process of considerable accuracy. It has been suggested that 
the pulse or the respiration mav serve as a clock which becomes correlated 
with our conventional time scale, but evidence for this is unconvincing. 
[For an experimental approach to this problem see Goudriaan (1921).] 
A more likely basis for a subjective lime scale would appear to be not an 
overt form of highly variable motor activity, such as the pulse or respira- 
tory movements, but rather a chemical clock, perhaps associated with the 



FIGURE 54 

Plot Accouwno to the Arrhenius Equation op Estimations of Duration as a 
Function of the Internal Body Temperature 
Thr^e experiments on different subjects are indicated. For discussion see text. 
(Fiom X Gen. Psychot) 
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continuous respiration of cortical nervous tissue. Wi ch this hypothesis 
in mind, Hoap^land (1933) determined the effect of internal body tempera- 
tures on judtiiments of short durations. Two experiments on influenza 
patients sufferinjii: from fever are plotted according to the Arrhenius equa- 
tion in Figure 54. In this same figure are recorded results obtained from 
a normal person w'hose internal temperature was raised several degrees by 
diathermy treatment (the curve represented by triangles). The subjects 
were naive concerning the nature of the experiment and were asked simply 
to count sixty to themselves at a rate of what they believed to be one per 
second. The maximum range of temperature obtained was only 3.2‘'C.> 
and usually this is not great enough to show deviations from the Arrhenius 
equation if such exist, hut the very large logarithmic ordinate employed in 



j/t 


FIGURE 55 

Plot Similar to Figure 54 of Data Obtained by Francois (1927) in Which a 
Different Experimental Procedure Was Employed from That 
Used in Obtaining the Data of Figure 54 
(For discussion see text) 

(From /. Gm* FsychoL) 
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Figure 54 would accentuate deviations. The line represented by solid 
circles covers the range of 3.2°C. and appears to be substantially straight, 
yielding a value of /x = 24,000 calories. 

Unfortunately only two points, indicated by squares, were obtained from 
a second influenza patient. If it is assumed, however, that the Arrhenius 
equation describes the data and the points are connected by a straight line, 
the slope is found to give a value of /x = 24,000 calories, as do the slopes of 
the three last points to be taken using diathermy technique for the third 
subject. 

In 1927 Frangois considered the relation of body temperature to 
temporal judgments. The principal procedure used consisted in having 
subjects tap out instructed rhythms at what they believed to be a constant 
rate. The rhythms were recorded on a kjmiograph drum. The subjects 
were given diathermy’’ treatment and their temperatures were elevated 
roughly a degree and the tapping was repeated under identical instructions. 
All the subjects in some sixteen experiments showed consistently faster 
tapping at the elevated temperatures. Assuming that the Arrhenius equa- 
tion describes his data, Figure 55 is a plot in which the same large 
coordinates are used as in Figure 54. The open circles, triangles, and 
squares represent three different subjects. Each of Frangois’ sixteen 
experiments (on three subjects) involving the tapping of rhythms is rep- 
resented by two points and their connecting line. The slopes are fairly 
constant, although the absolute rates, as determined by the ordinates, 
vary considerably, not only for different subjects but for different experi- 
ments with the same individual. The subject indicated by the squares 
shows uniformly faster rhythms of tapping than either of the others, but 
the effect of temperature on the rhythms is similar to that in the others. 
The person indicated by triangles shows large variation in his absolute 
judgments of time from day to day; it is as if his physiological clock 
were capable of fluctuations in speed over gross intervals of time. The 
unique chemical nature of the '*clock'* is indicated, however, by the con- 
stancy of the effect of temperature as indicated by the slopes of the lines. 

Figure 56 shows a combined plot of the data of Figures 54 and 55, 
made by tracing each curve of Figures 54 and 55 in such a way that, 
while the same abscissas were used, the differences in the absolute values 
of the ordinates are eliminated. The composite plot yields fi = 24,000 
calories. These results definitely imply the existence of a unitary chemi- 
cal process serving as a basis for the subjective time scale, a process proba- 
bly irreversible in nature and perhaps catalyzed in a specific way, since 
the critical increment of 24,000 calories is one of the modal groups 
characteristic of irreversible kinetics in living systems.'"^ 

^According to a wide variety of evidence (cf. especially Osterhout, 1922) steady 
statell in living systenjs are maintained dynamically by sequences of irreversible 
teactione. Thermodynamic equilibria play a very subsidiary rdle. The good fit 
of the Arrhenius equation to biological data and the multimodal distribution of 
values for many processes suggest that we are primarily concerned with irreversi- 
ble reactions (cf. citations in the bibliographies of the papers on temperature 
effects). 
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Composite Plot of Data of Figures 54 and 55 Showing Similarities of Slopes 
(and Hence ia Values) for All of the Experiments 
(For discussion see text ) 

(From J. Gen. Psychol.) 

Much of psycholoKical experimentation on the estimation of time has 
been concerned with the study of effects of various forms of sensory and 
sensorimotor activity on the judgments of relatively short intervals [for 
a recent review of this work see Weber (1933)]. The work indicates 
clearly that sensorimotor activity shortens the estimations of short inter- 
vals to a degree roughly proportional to its extent (cf. Axel, 1925; Gul- 
liksen, 1927). This experimental literature is entirely consistent with 
the hypothesis of a chemical master reaction in the nervous system furnish- 
ing its possessor with a subjective time scale. Various changes in the im- 
mediate internal environment of the chemical clock may modify its velocity. 
Such changes may be those of temperature or variations in the activity of 
sensory and motor areas of the brain acting to accelerate or to inhibit the 
continuous chemical mechanism. A good example of an effect of just this 
kind is illustrated by the activity of the respiratory center. As we have 
seen, the excised brain-stem of the goldfish emits rhythmical fluctuations 
of electrical potential at exactly the frequency of normal resting opercular 
breathing rhythms of intact fishes (Adrian and Buytendijk, 1931)'. 
These variations in potential produce synchronous bursts of efferent im- 
pulses to the respiratory musculature. Crosier and Stier (1924-25^) 
earlier showed that the opercular rhythm of goldfish obeys the Arrhenius 
equation when they plotted the logarithm of the frequency of opercular 
beats as a function of the reciprocal of the absolute temperature (cf. Fig- 
ure 48). A temperature characteristic of 16,500 calories was obtained, 
which indicates that the rhythms are probably produced within the cen- 
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ter by a continuous respiratory, oxidative process catalyzed by iron. 
Measurements of the metabolism of goldfish as a function of temperature 
have been made by Ege and Krogh (1914). They found that the 
velocity of oxygen consumption also yields a /x of 16,500 calories. 

The respiratory center is knovim to be very sensitive to changes of 
hydrogen ion (or COo) concentration in its tissues, even very slight 
decreases in the normal pH, such as are produced by mild muscular exer- 
cise, accelerating respiratory movements (cf. Gesell, 1925). It is not 
unreasonable to suppose that chemical changes locally produced in the 
brain by excited groups of neurons would decrease the velocity of our 
hypothetical ‘‘clock,’' making time appear to pass more rapidly when we 
are active. This effect, here inhibitory, might be especially apparent when 
the activity involves extensive excitation of higher levels of the central 
nervous system. Increases in the frequency of the opercular beats of gold- 
fish have been accounted for by Crozier and Stier (1925-26) in a way 
similar to this. To quote from their paper: 

The nature of the variation of the frequency of opercular move- 
ments at constant temperature, requires brief consideration. The per- 
tinent facts are these; the latitude of variation tends to be a well 
defined constant fraction of the mean frequency, at each tempera- 
ture; the incidence of pectoral (fin) movements accelerates the oper- 
cular rhythm but there is a clear indication that the central discharge 
controlling the movements is thereby merely pitched at a new level, 

— for the critical increment is sensibly the same; a similar result 

is obtained under moderate starvation A full 

theory of these effects awaits further testing but it is believed that 
they permit the assumption of definite views regarding the mechan- 
ism of variability of central nervous processes. If it be supposed 
that the reactions controlling discharge from the respiratory center 
are specifically synaptic in locus, the effective mass of a governing 
catalyst might be varied according to the influx of nerve impulses 
from other parts of the central nervous system. Changes of this 
kind would abruptly alter the frequency of the observed activity 
without changing the critical increment. 

The critical increment, or temperature characteristic, of opercular 
rhythms may, however, be altered in goldfish, Crozier and Stier (1925- 
26) accomplished this by exposing fishes previously ascertained to yield a 
fit of 16,500 calories to a temperature of 25“ C. for three hours in water 
with an oxygen content of about three cc. per liter. A new increment of 
8,300 calories was then obtained which lasted for some hours after the 
treatment, indicating a temporary shift in the catalytic mechanism of 
the master reaction controlling respiration. 

Figure 57 illustrates the possible effect of central nervous activity 
involved in the production of fin movements on the absolute rate of the 
reaction determining opercular breathing. The absolute frequency of 
breathing of a fish supporting itself in mid-water is greater than when 
the fish is at rest, but the value of /x is the same regardless of the move- 
ments. The typical effect of the motor activity (fin movements) of 
fish in accelerating the master reaction controlling respiratory move- 
ments offers a striking parallel with the possible control of our 
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i/r dins. 

FIGURE 57 

The FRfQUENcy oi* Opercular Movements in Goldfish at Different Tempera- 
tures When the Fish Are Poised in Mid-Water with 
Pectorai. Fins Moving Rhythmically 

The frequency of opercular movements in golclhsh poised in mid-water with pec- 
toral fins moving ih>thinicaUy is higher at each temperature than in animals with 
motionless pectorals (Figure 48); but the critical increment is unchanged. The 
solid line is drawn in the same position as in Figure 48. ^ The plotted points are 
averages. 'Fhe amount of the frequency increase varies with the individual 
considered (different symbols). 

(From J, Gen. Physiol) 

hypothetical chemical clock by sensorimotor activity. The similarities 
between Figures 54, 55, and 56 and Figures 48 and 57 are self-evident 
and can best be interpreted on the assumption that specific chemical 
mechanisms release in one case the rhythms of counting and, in the 
other case, the fishes’ respiratory movements. The rhythnas in both 
cases arc subject to a similar type of modification by sensorimotor 
activity. 

In both Hoagland’s experiments and those of Frangois, sensorimotor 
conditions were relatively constant corresponding to a ^Vesting condi- 
tion” in one case, or tapping ''filled” time in the other. Axel 0^25) 
has shown that these two temporal "fillers” are essentially equivalent. 
Fluctuations in estimates from day to day by the same subject iri his 
absolute estimates of time occurred in the experiments, and this is to 
be expected since many possible internal variables could be controlled 
only roughly, l^he constancy of the value of fx == 24,000 calories, 
however, indicates that a unitary chemical mechanism is probably basically 
determining the judgments. The fact that this value of [x is charac- 
teristic of a number of vital processes (cf. Crozier,^ 1925-26) suggests 
that the chemical mechanism basically involves an irreversible process, 
catalyzed by a specific agent, as yet unidentified, but cominon to many 
protoplasmic systems. The value of ft = 24,000± calories has been 
obtained in some ten or a dozen cases. It is usually found to be associ- 
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ated with cell respiration. For example, Tang (1931-32) finds ix = 
24,000 calories for the production of COo by germinating seeds of 

Lupinus albus. Oxygen consumption in these tissues yields ju. == 16,600 

calories. Crozier and Stier (1925-26), using data of Putter on the oxy- 
gen consumption of leeches, find ft == 24,000 calories when the 
oxygen tension is only 130± mm. Hg. At higher oxygen tensions 
(400it: mm. Hg) a value of ft = 7,900 was obtained, indicating the 
existence of two possible catalytic master reactions either of which may 
control the rate of oxygen uptake depending on the oxygen tension. 
Observations by Stier on the heart beat of the garter snake as a function 

of temperature were found to yield ft = 23,500 calories (Crozier, 

1925-26). 

Since physiological time passes more rapidly at higher temperatures, 
while physical time continues at a constant rate, we should expect time to 
appear to pass more slowly during a fever than when at rest. This 
appears to be a common experience. 

The experiments on the estimation of time have dealt only with 
short durations. It is possible that other mechanisms of a cyclic nature 
are involved in estimates of longer intervals. Boring and Boring 
(1917) found a variety of possible cues used by subjects who were 
awakened during the night and asked to estimate the time. Conscious 
internal cues such as restlessness, fatigue, “clearness of consciousness,** 
and sensations involved in excretory and digestive functions apparently 
served as a basis for the time judgments. These are processes of a 
complex physiological nature, but are essentially rhythmically recur- 
rent, and may, therefore, serve as clocks. Evidence exists which sup- 
ports the idea that cyclic periods of alternate rest and quiescence in 
mammals, i.e., periods of “spontaneous” activity, are controlled by specific 
master chemical reactions which serve to regulate the periods (Stier, 1930). 

Excretory and digestive cycles which furnished the basis of temporal 
judgment of some of the subjects in the experiments of Boring and 
Boring may be regarded basically as “spontaneous” activities as this 
term is used by Stier. Temperature characteristics for such cycles in 
very young poikilothermous mammals indicate that they may be depend- 
ent upon specifically catalyzed master chemical reactions different from 
those previously discussed (Stier, 1930). These facts lend support to 
the notion that reactions may be involved in the estimation of long dura- 
tions which may be different from the reaction indicated in this paper 
(corresponding to ft = 24,000 calories) which serve as a basis for judg- 
ing short temporal intervals. [Cf. also Carrel (1931) for a discussion 
of the physiological basis of psychological time of the order of a life- 

pniat the pulse rhythm is not involved in the estimation of short intervals 
Jjs«n demonstrated (Hoagland and Perkins, 1934-35). Studies of 
liimy clinical records of patients treated with hyperpyrexia (general 
dktl^rtny) at the Worcester State Hospital yield a ft value of 29,400 
calbriqs foi^ the effect of temperature on the pulse frequency. This indi- 
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cates a difEerent chemical pace-making mechanism frum that involved in 
time judgments (24,000 calories). 

The temperature analysis may be applied to the problem of learning 
(Hoagland, 1931). From work on learning and conditioning, despite 
obvious difSculties inherent in diverse forms of measurement, workers 
have obtained a certain generalized learning curve. This is character- 
istically S-shaped or sigmoid when one plots the amount learned as 
ordinate against the number of experimental repetitions of the learning 
act as abscissa. The sigmoid relation appears, provided that the organ- 
ism begins the experiments in an unconditioned state with respect to the 
act to be learned, and provided that the task is one not too readily 
mastered. 

The sigmoid shape of the learning curve and the approximately 
hyperbolic nature of the curve of forgetting led Robertson (1909) to 
suggest that learning might depend on the accumulation, through a 
first-order autocatalyzed chemical reaction, of a facilitating substance 
somewhere in the reflex arcs, and that forgetting might depend upon 
the washing-away of this substance from a colloidal matrix. His 
hypothesis for a molecular basis of conditioning is superficially some- 
what similar to Sherrington’s proposal of excitatory and inhibitory sub- 
stances to account for the phenomena of spinal reflexes. In the absence 
of direct experimental evidence, however, the mere shapes of the learn- 
ing and forgetting curves can have little specific diagnostic significance, 
owing to a variety of possible theoretical alternatives. In a discussion 
of the theoretical basis for certain sigmoid curves, Hoagland (1930) 
pointed out some of these alternatives and tentatively suggested, in the 
case of learning, that the sigmoid nature of the relation might just as 
well be due to the fact that the curve is essentially an integral distribu- 
tion curve for thresholds of activations of central nervous units, repe- 
tition of the conditioning bringing into play more and more of these 
units. Such an hypothesis is consistent with Lashley’s interpretations 
of his experiments, that the degree of retention of maze habits in i;ats 
is directly proportional to the amount of cortex or number of neurons 
left intact after extirpation rather than to specific localization within 
the remaining tissue. 

Primarily with a view to testing Robertson's hypothesis Hoagland 
(1931) measured a learning process in ants as a function of tempera- 
ture. Common carpenter ants, Camponotus herculeanus, were chosen 
because of their availability, hardiness, genetic homogeneity, and edu- 
cability. The animals were taught, one at a time, to escape from a 
very simple maze placed in an accurate thermostat. Both the length of 
time and the number of trials required for the ant to learn to pass from 
one compartment through an aperture to another when air charged with 
peppermint oil was passe‘d through the apparatus served as indices of 
learning. A vibratory stimulus applied to the *^maze" was also used to 
drive the ant from one compartment to the^ other. The behavior was 
independent of the nature of the driving stimulus. The stimulus was 
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always stopped when the ant passed the partition separating the two 
chambers.^ At the beginning of the experiment an ant would usually 
take a minute or more to find the hole and escape. At the end of the 
experiment, determined by a fixed arbitrary number of successive ade- 
quate solutions, the ant would go through the hole in a few seconds 
without showing random behavior. The variability of the response, 
as determined by the mean probable errors of the times required for 
solution, was found to parallel closely the time measure of learning and 
served as a check on the analysis. 

One hundred and ninety-two ants were each taught the maze once 
at various fixed temperature intervals of from 15'* to 29.4'’ C. Figure 
58 shows the effect of temperature on the mean rates of learning 



FIGURE 58 

Plot of Total Speed of Solution as a Function of the Percentage Learned for 
Six Different Temperatures 
(From J, Gen, Psychol,) 


(measured by 1/time of solution) for 130 ants of one colony. Speed of 
creeping of ants also varies with temperature (cf, Crozier, 1924-25ff), 
Since It IS safe to assume that very little learning has taken place during 
the first 20 per cent of the trials, we may eliminate the speed-of- 
creeping factor se by starting all our curves from zero rate of 
to ning and 20 per cent of trials-to-end-point on the abscissa. Figure 
MOWS the effect of temperature on learning after making this cor- 
learning is not much affected by temperature 
from 15 to 25 C., but that a marked acceleration in the rate of learn- 
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I-IGURE 59 

Plot Showin(} Splfd of “Learmin^;” as a Function of the Percentage of Learn- 
ing Accomphsfih) i'f)R Six Different Temperatures 
The reduction to a zeto onj^in, by sul)fracting the speeds for the first 20 per cent 
of the trials in which learnins is assumed to be negligible, eliminates, m this plot, 
the effect of tenipciatuie on the speed of running. 

(From J. Gen. Psychol) 
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FIGURE 60 

Plot of the Logarithm of “Rate of Learning’' as a Function of Temperature 
According to the Arrhenius Equation 
The value of jx for the range of 25* to 29.4* is 7,300 calories. 

(From h Psychol) 




so 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


ing occurs between 25“ and 29.4° C., the ants progressively becoming 
veritable geniuses -within this range. 

This is even better illustrated by the Arrhenius equation plot of 
Figure 60, which shows the logarithm of the reciprocal of the number 
of trials to reach a fixed arbitrary end point of learning plotted against 
the reciprocals of the absolute temperatures. The data are means for 
130 individuals. The value of jw, between 25° and 29.4° is 7,300 cal- 
ories. This short temperature range combined with the variation of 
the data does not permit us to say with certainty that the Arrhenius equa- 
tion describes the data, but, assuming that it does, the value of ju, = 
7,300 calories can at piesent have little significance as a “catalyst indica- 
tor.’’ About all that can be said is that the value is suggestive of chemi- 
cal facilitation of learning above 25° C., which may involve the deposi- 
tions of excitatory synaptic substances facilitating the learning response. 
The lack of effect of temperature on learning below 25° C. might be 
expected if learning here were determined by certain purely physical 
factors such as diffusion or molecular effects of a physical nature. On 
the other hand, a similar lack of temperature effect might occur if the 
facilitation depended upon equilibrium in a system with a low heat 
of reaction, or in other ways upon opposing effects oppositely influenced 
by temperature. 

The result sheds little light on Robertson’s hypothesis, but the experi- 
ments have been described to illustrate a suggestive approach to the 
learning problem. It is possible that an extensive and systematic exami- 
nation of learning and conditioning as a function of temperature in 
many poikilothermous animals might yield information about the chemi- 
cal mechanisms underlying this important aspect of central nervous inte- 
gration. , ^ ) 

VII 

General Physiology and the Weber-Fechner Law 

Another good illustration of the differences between a purely empiri- 
cal formulation and a theoretically significant one is furnished by a 
consideration of the Weber-Fechner law. 

Weber’s law states that is a constant, where I is the magnitude of 

J 

the stimulus and A/ is an increment of the stimulus such that 7 + A J can 
just be distinguished as greater than L This law is a very rough approxi- 
mation and appears to hold for mid-range intensities in a number of sense 
modalities. 

Fcchner extended the generalization by the process of integrating the 
fupotioja dS = k -y- and obtained the relation 

: ' ' Szz:k log 7 + C, 

where S is the magnitude of sensation measured on a sensory scale. The 
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validity of an integration of this type has often been called in question, 
since if sensory scales appear to be composed of discontinuous magnitudes 
the specific “just-noticeable differences*' make integration illegitimate. 
The integrated form of Weber's law has, however, been found also to 
hold empirically over mid-regions of sensory intensity scales. 

While many workers from Fechner on have speculated as to the basis 
of the logarithmic relation between stimulus and sensation, little theo- 
retical advancement was made until the work of Hecht on photoreception. 
Many workers have been content (and still are content) to see whether 
the law describes their experimental data and to state the limits of its 
applicability without ever questioning the relevance or meaning of the 
so-called law. 

Since Hecht’s work is familiar (cf. Chapter 14 of this book), we 
need only briefly summarize his treatment of the Weber-Fechner law 
(cf. also Hoagland, 1930). Hecht, working with vertebrate eyes, and 
Hecht and Wolf, studying compound insect eyes, have accounted quanti- 
tatively for the data of visual acuity and intensity discrimination in 
vision on the assumption that intensity thresholds for the rods and cones 
in vertebrate eyes and for ommatidia in bees* eyes follow statistical distri- 
bution curves. On this basis Hecht showed that empirical sigmoid 
curves relating visual acuity to the logarithm of the light intensity 
are identical with the sum of the integral distribution curves for the 
thresholds of activation of the receptor units. The sigmoid curves are 
described by the equation for the steady state of a reversible chemical 
system of the form 

light 

s P 4- A. 

dark 

The equation for the steady state is KI = , where 1 is the light 

a — X 

intensity, a? is the fraction of S changed to P and A at photic equilibrium, 
a is the initial concentration of S, and K is the equilibrium constant for 
ki 

the system (i.e., K = ■— ). 

^ The curve relating intensity discrimination to the logarithm of the 
light intensity is also sigmoid and identical with that describing visual 
acuity as a function of the logarithm of the light intensity. Hecht points 
out that this indicates a linear relation between the number of function- 
ing units and the concentration, of the product of photolysis. 

We see, therefore, that the apparent logarithmic Weber-Fechner law 
in vision is merely a by-product of the fact that the sigmoid curves for 
acuity and intensity discrimination are approximately linear in the mid- 
range of light intensities on a semi-log plot. The curve is actually 
nowhere really logarithmic, as may be seen from the above equation. As 
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long as the equation relating stimulus and sensory intensity were regarded 
as simply empirically logarithmic, the Weber-Fechner approximation 
tended to cloud, rather than to clarify, the essential underlying 
mechanism. 

An analysis similar to that just described and dealt with at some 
length in this chapter is that of Crozier and Pincus (1929-30^2^ 1929- 
30^) in connection with proprioception. They examined the geotropic 
orientation of young rats of inbred strains and found a pseudo-linear rela- 
tion between 9, the angle of orientation of the rats in the plane, and the 
logarithm of sin a, where a is the angle of the slope of the plane. Since 
sin a is the gravitational component acting in the plane on the rat, and 
since 0 is a measure of the total excitation producing the response, this 
might appear to be an instance of the Weber-Fechner law. Crozier and 
Pincus have shown, however, that the semi-log relation is not strictly 
linear but is a long-drawn-out sigmoid curve. This curve is an integral 
distiibution curve for thresholds of activation of tension receptors on the 
two sides of the rat’s body. By considering that the animals orient 
upward in the plane until the tensions of muscles on the two sides of 
the body are equal (within a threshold difference), and by taking into 
consideration the mechanics of progression, Crozier and Pincus obtained 
a numerical measure of the number of excited stretch receptors. As we 

have seen, this measure is expressed as — ■ ; . A plot of this 

. . . . ^ log sin a 

expression against the gravitational component sin a gives differential 
distribution curves for three specific groups of tension receptors involved 
in the orientation. The relation between 9 and log sin a is the 
resultant of the summation of three integral population curves for thresh- 
of a^ivation of tension receptors. Here again the logarithmic 
Weber-Fechner law appears to be only a crude approximation to the 
range covered by the integral curves of distribution of thresholds of acti- 
vation of the groups of tension receptors. 

Hoagland (1930) analyzed data of Adrian and Zotterman on myotatic 
reflexes relating frequency of afferent impulses, electrically recorded, as 
a function of the logarithm of the tension. With preparations con- 
taining many end-organs, sigmoid curves were obtained- Sigmoid curves 
were also obtained from data of Adrian and Zotterman relating fre- 
quency of nerve-impulse discharge to the logarithm of pressure applied 
to toe pads of cats. Since Adrian (1928) has shown that a direct rela- 
tion exists between frequency of nerve impulses and sensory intensity 
these examples are of especial interest- Presumably the sigmoid curves 
de^ribe thresholds of activation of the receptors. The empirical loga- 
nthmic Weber-Fechner law, literally ^considered, would not indicate this. 

Work involving electrical recording of nerve impluses from single 
receptors as a function of the intensity of the stimulus has shown that a 
wide range of intensities may be mediated by a single receptor unit (ci 
Adrian, 1928, 1932; Hartline and Graham, 1932; Matthews, 193k; 
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Hoagland, 1932-33^, 1932-33^). Matthews (1931<?) has recently 
shown that the frequency of response of a single muscle receptor is 
directly proportional to the logarithm of the tension applied to the 
muscle. Here the Weber-Fechner law holds in its original form for 
the single muscle spindle over the entire range of frequencies that it can 
mediate, but since we probably never consciously sense the activity of a 
single receptor unit it is unlikely that this fact is relevant to the problems 
of psychophysics. Where many receptors are involved the sigmoid rela- 
U*on describing thresholds of activation of the units, as discussed above, 
is found. Hartline and Graham have recently shown that the frequency 
of response fioin a single fiber of the optic nerve of Limulus^ when a 
single ommatidium is illuminated at different intensities, is neither loga- 
rithmic nor sigmoid. 

I he above considerations indicate that the W^eber-Fechner law is 
merely a crude approximation for intermediate stimulus intensities to 
integral distribution curves for thresholds of activation of visual, pressure, 
and proprioceptors. Care should be taken, however, in the extension 
of this generalization to all sense modalities since other factors may be 
involved. 1 hennal reception in the case of fish seems to follow a very 
different law. For this reason it might he desirable to consider this 
case in some detail. 

Hoagland (1932-33Z>) analyzed the frequencies of nerve impulses dis- 
charged from the laieral-line receptors of fishes as a function of the num- 
ber of units contributing to the discharge. Records of nerve impulses 
from the lateral-line nerves of catfish and trout show that the 
laleial-linc sense-organs are in a state of continuous activity producing a 
massive discharge of impulses (Hoagland, 1932-33n). The lateral-line 
organs are conspicuously markecl in most fishes by a row of pores along 
the side. The pores lea<I into a lymph-filled canal in the skin in which 
occur groups of receptor cells at intervals between the pores. The 
receptors, called neuromasts, are supplied by a .sensory branch of the 
vagus nerve which runs a course parallel to the canal and sends out 
branches to innervate the groups of neuromasts. 

The spontaneous, cemtinuous discharge of nerve impulses from the re- 
ceptors is found to be modified during the direct application of pressure 
on the skin over the canal, by ripples in the water bathing the trunk, by 
irregular currents of water, and by the concave bending of the fishes 
trunk. ^ The asynchronous discharge becomes phasic when the vibrations 
of tuning forks are transmitted to the water. The frequency of the 
response is constant for a wide range of tuning forks, and it appears, there- 
fore, as behavior experiments of Parker and Van Heusen (1917) had 
already indicated, that the receptors act as a very crude ear which can 
respond to a range of tones without being able to analyze them. 

Temperature modifies the frequency of the spontaneous discharge 
(Figures 51 and 52), From this and a variety of other evidence (cf* 
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Hoagland, 1932-33«), the receptors mar be regarded as functioning as 
thermal receptors as well as functioning as mechanoreceptors.^ 

Por recording purposes the lateral-line nerve is exposed under the skin 
just behind the ‘head. It may then be cut cephalad, leaving it in connec- 
tion with some 30-35 neuromast groups (in catfish Ameiurus nebulosus) 
along the flank. Each group contains several hundred receptor cells sup- 
plied by ten to twenty nerve fibers, the number of fibers supplying the 
groups decreasing from head to tail. If one now progressively slices 
through the lateral-line system at intervals, one may obtain responses from 
as many functioning receptor groups as one chooses by simply counting the 
pores between the slice and the region of initial incisions where the nerve 



FIGURE 61 

Relation between Frequency of Nerve-Impulse Discharge and Number of 
Contributory Lateral-Line Receptor Groups 
(From Gen, PhystoL) 

Morton Kubm (unpublished results) has recently^ studied at Clark 
tittiversity the behavior of a number of species of fish to rapidly rising tempera- 
tures* He has found definite responses to occur at certain specific water 
temperatures* When the lateral-line nerves are cut these responses no longer 
occur. Control fish operated on but without cutting the lateral-line nerves 
behave as do the normal fish. • 
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leaves the body to to the electrodes. From the OisCillo^raph lecords of 
action potential it is possible to count the frequency of ‘"spontaneous” im- 
pulses as a function of the number of active receptor groups. The sig- 
moid relation shown in Figure 61 is a typical record of such an expeiiment 
with a catfish. This curve may be regarded as an integral distribution 
curve for the frequencies contributed by each group along the flank. 
Figure 62 is the differential curve made by plotting the tangents to the 
curve of Figure 61. This curve, therefore, describes the contributions 
of the individual groups to the response. 

From Figure 62 it is clear that there is a diminution in discharge of 
impulses from the tenth group beyond the operation back to the place of 



FIGURE 62 

The DiFFEEENTiAr. Curve Derived from Ficure 61 Made by Pt-ottino the Slope 
OF That Curve aoawet the Numeer of Receptor Groups 
The curve shows the relative contribution made by each receptor group to the 

total response. 

(From J* Gen> Physiol) 




FIGURE 63 

Sample Phqtooraphic Records op the Respones for Varying Numbers ok 
Receptor Groups 

These are sanpiples of the data actually use<J m (determining the curve of Figure 61, 
(j!— responses from 32 receptor groups, b — responses from 17 receptor groups, 
^^responses from 7 receptor groups, ^ d and e show responses from only two or 
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emergence of the nerve. This decreased activity along the line of receptor 
groups has been shown to be produced probably b) the effects of spread 
of injury from the initial operation involved in freeing the nem. These 
injury effects, most intense near the operation, progressively diminish in 
their inhibitory effects to about the ninth or tenth neuromast group. From, 
roughly, the tenth group, back to the tail, the frequency contributed by 
each receptor group is seen in Figure 62 to decline progressively. The 
most probable reason for this decline is that increasingly fewer nerve fibers 
supply the more posterior receptor groups and contribute to the response. 
Figure 63 .shows a scries of typical oscillograph records used in making 
Figures 61 and 62. The spiked lines are nerve impulses; the heights of 
the spikes aic diiectly proportional to the axon action potentials. The 
frequency is seen to decline with the removal of receptor groups. Each 
receptor group contains several hundred receptor cells and is supplied, 
especially towards the head, by from ten to twenty nerve fibers, decreas- 
ing to about half of this number towards the tail. Figure 63, e, shows the 
response from only two receptor groups witliin roughly a centimeter of 
the region of exit of the nerve to the electrodes. In this figure only two 
nerve fibers are active, as indicated by the fact that the all-or-nothing 
potentials of the impulses are grouped within one of two magnitudes. 
Since anatomically some 15±: fibers innervate each of the two groups, it 
is clear that most of these arc inactive. 

This analysis .shows how the surgical removal of functional units may 
produce curves similar to those produced by the functional removal of 
receptor units in other sense modalities when the intensity of the activat- 
ing stimulus falls below their thresholds of activation. 

The responses of the lateral-line receptors also furnish an interesting 
application of the variability analysis, examples of which have been de- 
scribed in another part of this chapter. This may be illustrated as follows: 
Figure 63, e, shows the spontaneous response of two fibers of a lateral-line 
nerve. If one studies the responses from one or two receptor groups by 
chilling the receptors, it is possible to get preparations showing the activity 
of only a single nerve fiber since certain of the receptors have temperature 
thresholds below which they arc no longer spontaneously active. The 
response of the single unit (cf. Figure 63, e) generally occurs in rhythms 
of five to ten impulses at frequencies of thirty to fifty per second separated 
by silent periods of several tenths of a second. This fluctuating activity 
produces considerable variation in frequencies counted in successive tenths 
of a second^s interval when only a few fibers are active. 

With many active fibers the variation declines since silent periods of 
some fibers are coincident with active periods of others, thus smoothing 
out the response (cf. Figure 63, a and A plot, therefore, of the per- 
centage variability expressed as 

Probable error of mean frequency 


Mean frequency for 15 tenth-second intervals 
against the number of active receptor units may be made. Figure 64 shows 
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FIGURE 64 

Plot of Relative Variatiok against the Total Number of Receptor Groups 
The significance of the curves is discussed in the text. 

(From J, Gen. Physiol.) 

the results of three experiments on lateral-line responses from three cat- 
fish. Curve C shows the maximum variabilitj^ This curve corresponds 
to the experiment illustrated in Figures 62 and 63 where there is a marked 
decline in activity of sense-organs near the region of operation. Curve 
J of Figure 64 illustrates a second experiment in which is shown a minimal 
amount of variation throughout, while curve B for a third experiment 
shows an intermediate amount of variability for receptors near the place 
of operation. The oscillograph records from which curve J was made 
show that quite a number of receptors were active near the operation in 
this experiment — the spread of injury was slight. The ^ nerve-impulse 
records used in making curve B clearly show an intermediate density of 
discharge for receptors near the region of emergence of the nerve as com- 
pared to the records used in the experiments for curves A and C. The 
variability analysis in this case offers, therefore, a sensitive index of the 
spread of injury effects along the line of receptors. 

If temperature produces a decline in the number of functional receptor 
units in terms of their thresholds of activation, we might expect to get 
eniirves similar to those of Figure 64 by plotting the variability of response 
igaimt the temperature. Figure 65 is such a plot for four experiments 
wkti catfish. Here lowering the temperature evidently inactivates units. 
This is apparent in some experiments to a greater extent than in others. 
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FKUJRb 65 

Rn.ATivF VARiAnn.irv as a Function of Temperature 
(From J. Grn. Physiol ) 


Lowering the temperature has also been shown to cause a decline in the 
frequency of discharge of impulses from the individual units. From an 
inspection of the nerve-impulse records of the four experiments described 
by the data of Figure 65 it is clear that the large variability of frequency 
at low temperatures, for the experiment indicated by triangles in Figure 
65, is due to a reason similar to that for the large variability of frequencies 
recorded in curve B and especially curve C of Figure 64, namely, the 
activity of only two or three nerve fibers firing asynchronously. In Figure 
64 inhibitory effects due to surgical manipulation produced a progressive 
spread of inactivation from the region of the operation which reduced the 
spontaneous response of the first seven receptor groups to that of only two 
or three fibers which were active, despite the fact that some 150 fibers sup- 
plied these groups. In the experiment indicated by triangles in Figure 65 
the lowered temperature (around 5’C.) produced inactivation of all but 
two or three fibers out of the total of some five hundred fibers supplying the 
thirty-two intact receptor groups caudal to the exit of the nerve. The 
experiments indicated by stars and circles in Figure 65, while showing a 
reduced response with temperature (cf. Figure 51), produced this response 
primarily by the reduction of frequency of impulses from active units. 
Some six or more fibers were still active as judged by the all-or-nothing 
potential spikes on the oscillograph records at the low temperatures. 

Let us return to a consideration of the Wcber-Fechner law. Figure 51 
describes the frequency of nerve impulses as a function of the temperature 
of the receptors. Here we have to do with an exception to the Weber- 
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Fechner law, both in the traditional logaiithmic sense, and also in terms 
of the notion of a simple frequency distribution curve of receptor thresholds. 
The Arrhenius equation desciibes the data (Figure 52) and this in its 
simplest form may be expressed as 



where ^ is a constant equal to /i/Rj and / is the frequency assumed to be 
directly proportional to the velocity of the stimulating chemical reaction 
in the receptor cells [for a consideration of the chemical basis of the 
spontaneous activity cf. Hoagland (1933-34)]. Here, in the case of the 
fishes’ thermal receptors, the law describing the relation between stimulus 
and frequency of nerve-impulse response, the frequency believed in other 
sense modalities to be directly proportional to sensory intensities, is clearly 
not the logarithmic Weber-Fechner law but the Arrhenius equation. The 
decline in the velocity of the chemical determinant of the frequency may, as 
we have seen, decrease the frequency either in individual units or by 
silencing units below temperature thresholds. The case is an interesting 
example of an exception to the Weber-Fechner law which illustrates the 
need of regarding the stimulus-response relation in each case specifically 
rather than attempting to apply a general empirical equation which may 
merely serve to mask underlying determinants. 

VIII 

'‘Spontaneous” Activity 

An aspect of complex behavior exhibited by intact organisms is that 
of "spontaneous activity,” i.e., movements which appear to arise as a result 
of changes entirely within the organism, as far as can be told. In general, 
the so-called "random movements” tend to be related by writers to the 
natural or normal exploratory wanderings (so-called) of many organisms, 
the occurrence of which seems to be understood as accentuated or accelerated 
when the organism is stimulated. 

The theory of random movements as often stated implies a hopelessly 
haphazard relation between stimulation and activation of motor organs such 
as should vitiate any possibility of regularity and predicability in the conduct 
of animals. It is easily seen that the doctrine of "physiological states” is 
intimately connected with the random-movement doctrine. The appeal 
to such states, in themselves uncharacterized, easily leads to unfortunate 
mysticism. 

The manner in which behavior in a field of excitation might be governed 
or limited through the exhibition of spontaneous movements can best be 
studied after the exclusion of extraneous stimulation. In general, it is 
found that after such exclusion gross bodily movements still occur which 
apparently in no way depend upon peripheral excitation and in some cases 
may even occur whether external excitation is deliberately applied or not. 
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If It should prove that, basicallj^ such movements occui lit a manner 
simulatinpj the automatic spontaneity exhibited by a contractmi 2 : heart or 
a pulsating jelh'hsh, it scarcely remains possible to regard sucli movements 
as lawless or in any proper sense “random,” or as supporting aiguments 
in favor of “free-will” control. 








FIGURE 66 

Records of Spontaneous Activity of a Young Mouse (Two Days Old) at Two 
Temperatures of the Body, Showing Regularity in Occurrence 
OF Periods oe Active Movement 
(See text.) 

Experiments of Stier (1930), previousl)’^ cited in connection with con- 
siderations of the effect of temperature on estimations of time, illustrate 
an interesting approach to the problem of spontaneous activity. Stier used 
white mice under two days of age, before the development of their 
temperature-regulating mechanisms. When extraneous excitation in the 
environment of the mouse was eliminated, random movements still oc- 
curred but not haphazardly. Figure 66 illustrates the surging periods of 
activity with alternate rest periods of a young mouse at 22.1 and 20.2‘*C. 

The average frequencies of bursts of activity were found to vary ac- 
cording to the Arrhenius equation, yielding a value of /a = 25,300 calories. 
The durations of intervals of quiescence and of activity were also found to 
change as a function of temperature; when their reciprocals were plotted 
according to the Arrhenius equation, the value of /a = 13,200 was ob- 
tained for activity, and /a = 30,900 for quiescence. Stier suggested as a 
working hypothesis that these different values indicate that at least two 
processes are responsible for control of activity and of quiescence in the 
young mice. It was assumed that activity results when the concentration 
of a substance J is maintained above a threshold level. Quiescence begins 
when J is reduced below this level, the velocity of the formation and re- 
moval being controlled by chemical changes. 

Mice forty to ninety days of age show the same cyclic occurrence of 
periods of activity as exhibited by the two-day-old mice. Variation from 
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an assumed basic cycle was found to occur in multiples of 15 minutCvS 
for activity and in steps of 24 minutes for periods of quiescence. 

Evidence, first presented by Loeb (1909) and recently developed by 
other workers, is reviewed in Stier's paper and shows that movements of an 
intact animal are often con elated with vigorous ‘'hunger contractions” of 
its empty stomach. The mechanism controlling the spontaneous locomotor 
activity may, therefore, have for its “center” the gastro-intestinal tract, 
since movements of the empty stomach are correlated with the incidence of 
bodily activity. 

A somewhat different kind of approach to the problem of spontaneous 
activity has recently been presented by Skinner {1933a), who studied the 
distance run by adult rats placed inside a running-wheel. The method of 
recording 5ieldcd a continuous distance-time graph of the behavior. Skin- 
ner found that the behavior of rats may be divided into two parts — an 
active part and a quiescent part. If any extensive activity was prohibited 
during part of a day, the remaining part showed a greater density of 
activity per unit time. When the period of confinement was made suf- 
ficientl) long, the resulting active period assumed certain continuous 
properties. In addition the effect of conditioned hunger cycles on the run- 
ning-behavior was studied, as well as the effect of friction on the rate of 
running. Throughout, the so-called “random” activity was found to be 
quantifiable and predictable in terms of the experimental setting. 

The contrast between quiescence and movement is seen in an extreme 
form, but of nevertheless widespread occurrence, in the phenomenon of 
tonic immobility or “death feigning.” 

Reflex assumption of a motionless state, often supposed to simulate death 
and hence commonly referred to as “death feigning,” is well known to be 
exhibited by a great variety of animals. Many unsuitable names have 
been applied to this condition. We shall speak of it as tonic immobility. 
In its typical manifestations this tonic immobility is to be distinguished 
sharply from mere cessation of neuromuscular activities; those cases with 
which we shall deal are characterized by a continuous (but, in at least some 
instances, plastic) tonic contracture of the muscles of the body and 
especially of the appendages. The phenomenon is developed to a notable 
degree among arthropods. A number of writers have discussed its natural 
history and to some extent its structural basis. Rabaud (1919) has re- 
cently given an extensive account of reflex immobilization among arthro- 
pods, and Mangold (1920) has prepared a digest of mo«t of the older 
observations upon the general subject (cf. also Andova, 1929). The con- 
tributions have UvSually dwelt at length upon the supposed utility or other- 
wise of “death feigning,” and Mangold, in particular, in connection with 
suggestions by a number of earlier writers, has attempted to erect a termino- 
liodcal scheme whereby “simulation of death” may be brought into 
relation with hypnosis, catalepsis, and analogous states characterized by 
tke cessation of spontaneous movements (cf. also Pieron, 1913). 

• ;pinguli^rly little attention has been given to the physiological analysis of 
immobility* This’ is the more surprising because the phenomena of 
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immobilization would seem to give opportunit.v, as we s:uili attempt to 
i,how, for convenient inquir)^ as to the sorts of fc»rce^ and pioccbscs 
operative in a central nervous functional activity having sensible duiation. 
These have been tested by means of experiments with the teriestrial isopod 
(“sowbug”) Omscus asellus Linn (Crozier and Federighi, 1923). With 
various arthropods, and in an amphibian, it has been noticed tliat the 
duration of an act of reflex immobility is influenced by the tempeiatuie. 
Such influence was found by Holmes (1906), the Severins (1911), Poli- 
manti (1911), Szymanski (1912), Lohner (1919), and Grasse (1922). 
No attempt was made by any of these observers to determine the actual 
form of the relation to temperature. 

The length of an act of immobility initiated by appropriate stimulation 
of an insect or crustacean is in reality determined by the duration of a 
sustained condition in the central nervous system. It is easily shown that 
in a variety of hexapods and isopods, with which the experiments were 
concerned, the animal gives other well-defined reflexes without emergence 
from the specific immobile state. With Ranatra, in particular, several 
striking proofs are obtained of the reciprocal innervation of the appendages 
and of the orientations of their central connections. 

Nevertheless, as Rabaud has insisted, in each organism there are certain 
peripheral loci, stimulation of which at once arouses an immobile specimen 
at the will of the experimenter. 

The duration of successive acts of immobility is rhythmic. In isopods 
and lizards at least, and probably also in such mammals as the guinea pig, 
the rhythm does not exist as a general metabolic rhythm on which the 
observations are,^ so to speak, superimposed. It is initiated by the first stim- 
ulation of a series. Once initiated, however, a cycle rises to a maximum 
of possible duration, then falls to practically zero duration, independently 
of further excitations. This is proved by results of tests in which various 
known intervals elapse between acts of immobilization and by tests in 
which the animal is aroused to normal activity before its spontaneous 
* ‘emergence,’^ then re-immobilized. 

The stimulus evoking tonic reflex immobility thus serves apparently to 
release a system of events, possibly synaptic in location, which determines 
at any moment the duration of a then-initiated control of motor elements 
by suitable stimulation. The nature of this fundamental cycle, of quite 
appreciable duration, is deducible from the form of the cycle of successive 
immobilizations. 

If suitably stimulated following spontaneous emergence from induced 
immobility, the isopod again becomes immobile, but for a longer time; 
tests of this sort show a periodic rise to a certain maximum duration. The 
amount of this maximum duration is determined chiefly by the tempera- 
ture. At 6** the maximum duration is 270 sec. ; at 29^ ^3 sec. The, cycle 
of immobility is not the reflection of a general metabolic cycle but is* de- 
termined by a central nervous process initiated by the first stimulations of 
the series of trials. 

An analysis of the relation of temperature to the processes underlying 
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the duration of reflex immobility involves comparison of the durations at 
different temperatures but at corresponding stages of the cycle. Between 
5" and 16° the maxima lie upon one exponential cuive with re>pect to 
temperature; above 16°, and continuing to 30°, the maxima lie upon an 
intersecting exponential curve of lesser slope. The exponential relation 
of duration to temperature makes it likely that the duration is determined 
by an amount of substance produced in a chemical system rather than that 
the maxima in the duration curves are to he considered points of minimum 
“speeds of emergence’' from the immobile state. The curves are in fact 

IX 

fitted by Arrhenius’ equation 1/time = e Rt + const, with /x 
24,000 for the range fx = 9,200 for 16°-30'/ These values 

of fx aie within the range characteristic foi chemical processes. IVIore 
precise analysis of these lelations is possible upon the basis of detailed 
consideration of the kinetics of the assumed underlying processes. 

It appears, then, that the duration of an act of reilex immobility may be 
determined by a condition similar to synaptic transmissivity, continuously 
maintained for the duration of the act, and itself proportional to the 
amount of a substance formed by and broken down in two catenary pro- 
cesses having different temperature coefficients. 

The durations of successive periods of induced tonic immobility in the 
lixard Anolis carolinensis were examined by Hoagland (1927-28) as a 
function of temperature. The durations of the immobile periods were 
found to vary rhythmically in most cases. The reciprocal of the duration 
of the rhythm, i.e., the rate of change of the process underlying the 
rhythms, when plotted as a function of temperature according to the 
Arrhenius equation, shows distributions of points in two straight-line 
groups. One of these groups or bands of points extends throughout the 
entire temperature range with a temperature characteristic of approxi- 
mately jx = 31,000 calories, and the other covers the range of 20° to 35°C. 
with ju. equal to approximately 9,000. 

These results are interpreted by assuming the release, through reflex 
stimulation, of hormonal sub.uanccs, one effective between 5° and 35°C., 
and the other effective between 20® and 35 ®C. These substances are as- 
sumed to act as selective inhibitors of impulses from so-called “higher cen- 
ters,” allowing impulses from tonic centers to pass to the muscles. In 
some experiments a progrcwssive lengthening in successively induced periods 
of immobility was observed. The logarithm of the fre^iuency of recovery 
when plotted against time in most of these cases (i.e., except for a few in 
which irregularities occurred) gave a linear function of negative slope 
which was substantially unaffected by temperature. In these cases it is 
assumed that a diffusion process is controlling the amount of available A 
substance. 

Injections of small amounts of adrenalin above a threshold value are 
found to prolong the durations of tonic immobility of A noUs by an amount 
which is a logarithmic function of the “dose.” It is possible that internally 
secreted adrenalin, above a threshold amount, may be involved in the 
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maintenance of tonic immobility. This effect of injected adrenalin in pro- 
longing the rhythms of successively induced periods of tonic immobility in 
guinea pigs has also been found by Upton (unpublished results). 

In the present chapter we have sought to illustrate by selected examples 
the application of certain rational mathematical formulations to a variety 
of problems of animal behavior. Such procedures often involve the use of 
equations which cut sharply across conventional departmental classifica- 
tions of subject-matter, for example, the application of the Arrhenius equa- 
tion with its theoretical foundation in molecular kinetics to the traditional 
psychological problem of time judgments. The fact that an exponential 
curve describes the effect of temperature on time judgments, while per- 
haps empirically interesting, gains considerably more significance when it 
is found that not just any one of a variety of exponential curves describes 
the data but that the data are satisfied by that exponential curve having the 
form of the Arrhenius equation and in which the value of the temperature 
characteristic is specific and identical with that found for a variety of 
cellular metabolic processes. 

While it seems desirable to use rational equations of this sort, provided 
their hypothetical bases can be tested experimentally, we do not wish to 
underestimate the desirability of empirical descriptive laws of behavior 
despite the fact that they may not imply physiological mechanisms. Cer- 
tain kinds of behavior problems can often be approached, at least initially, 
only in this way.' 

Skinner has recently published papers dealing with the conceptions of 
“drive*’ and “reflex strength,** in which empirical equations are presented 
describing very precisely various stimulus-response aspects of the conduct 
of white rats. In a historical r&ume of the reflex concept, Skinner (1931) 
points out that the essential characteristic of a reflex is a correlation be- 
tween measurable aspects of the stimulus and response, without regard to 
inferred mechanisms such as the reflex arc with its implied synaptic prop- 
erties. The reflex is essentially defined by the equation 

R-fiS) 

where iJ is a response and 5^ is a stimulus. 

In the case of spinal reflexes, for example, variations in the stimulus may 
produce variations in such aspects of the response as latency, after-dis- 
charge, and threshold (i.e., for values below a given value oi 8, R = 0). 
With repetition of the reflex, a third variable may be introduced in the 
above equation so that we may write 

i? = / (5. J) 

where J may be either time or the number of elicitations at a given rate. 
This variable may be a measure of reflex fatigue or of reflex strength and 
the relations may be described without recourse to inferred physiological 
mechanisms. The introduction of the variable J in the above equation 
may produce alterations of the ratio of JR to S for a variety of reflex at- 
tributes. 
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According to SIdnnei, “lefiex strength” expresses m a very general way 
the state of a given coi relation at a given time with respect to many of its 
characteristics. The reflex he regards as essentially an empirical law 
relating stimulus to response. 

This generalized conception of the reflex is experimentally amplified by 
experiments performed by Skinnei (1932//, 1932//) on the late of eating of 
white rats. A standard food was so arranged that a rat could obtain it, one 
pellet at a time (without othei restraints), from a presentation machine. 
The rat’s behavior was recorded automatically. Figure 67 shows a typical 
‘‘eating” curve in which the number of pieces of food eaten is plotted 
against the time. 'I'he curve is described by the equation for a parabola, 

N =: k f' 

wheie N equals amount of food eaten at time t, counted from the be- 
ginning of the experimental period, and k and n are constants. This curve 
is taken as a measure of the strength of the eating reHex, or of the chain 



FIGURE 67 

KyMOGRAPH Record op the Eating Behavior of a White Eat 
At each elevation of the writing point the rat ate a pellet of food of standard 
The rate of eating is given by the slope of the line and can be seen to 
decrease regularly throughout the period of 2 l/Z hours. The curve is described 
by the equation M *» Ki% where N is the number of pieces eaten at time apd 

K and n are constants. 

’ (From Oen. PsychaL) 
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of reflexes which result in eating: its meaning is, as a first approximation, 
that the rate of eating at any moment (dN/dt) is directly proportional to 
N and inversely proportional to the elapsed time. When the presentation 
of food was interrupted for a period the rats later ate more rapidly, as is 
illustrated by Figure 68. If the normal curve prior to the interruption is 
taken as a measure of the reflex strength, clearly the increased rate of 
feeding following the delay period in Figure 68 serves as a quantitative de- 
scription of the ‘‘drive” resulting from the forced delay. 



TIME IN HOURS 

FIGURE 68 

Kymograph Record of the Eatimo Behavior of a Rat upom the Third Occasion 
When the Supply of Food Is Cut off for Ten Minutes 
(For discussion see text.) 

(Frond J, Gen, Psychol,) 


Skinner (1933^) has recently studied the process of discrimination in 
terms of this operational conception of reflexes. “Technically the estab- 
lishment of a discrimination consists in the continued reinforcement of one 
reflex and the concurrent extinction of another, where the two stimuli 
possess properties in common, but also differ in some significant respect. 
The two processes cannot go on independently and the problem of dis- 
crimination arises because of their mutual interference/' Relations are 
presented which indicate the nature of the interference in connection with 
the “eating reflex" and test similarities of properties of the two processes 
involved in discrimination. 
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IX 

Concluding Remarks 

'‘Simplicity’’ of expeiimental conditions means control of experimental 
conditions. It does not necessarily mean that the organism must not 
be surrounded with apparatus; it does often imply that the undisturbed 
intact organism should be studied. Simplification of conditions through 
control may make possible fruitful distinctions between phenomena of 
(1) difference, (2) variation, and (3) variahtliiy in the investigation of 
conduct, which unquestionabh^ have been confused. This requires the 
biological uniformitv of individuals, measurements from which are to be 
averaged. I'he essence of the notion of variability is found in the con- 
ception of variation (or rCvsponse or performance) as a function of some 
contiolling vaiiablc; otherwise, no proper measure of variability is ob- 
tainable. With suitably chosen conditions it is possible to separate the 
total vaiiation over a range of fixed values of an independent variable 
governing the behavior in question into two parts, one of them modifiable 
according to the magnitudes of the governing intensity of excitation. In 
measurements of the geotropic orientation of young rats the variability of 
the measured orientations can be expressed in this way as a number which 
is independent of the size of the sample (within the limits used), and is 
characteristic for the stabilized strains employed in the experiments. In 
such cases it is no longer possible to speak of a lawless variation or un- 
predictableness of behavior. 

When attention is given to the formulation of oriented movements, 
these are found to be machine-Hke in the sense that the conditions for 
stable position are easily interpreted in a physical way. Hie statement of 
such conditions involves a mathematical expression of functional depen- 
dence, which ceases to be arbitrary when its contained constants can be 
shown to correspond to a biological reality. In at least one case it has 
been shown that they remain “constants” when subjected to the purely 
biological manipulation involved in a breeding test. In other instances 
they provide clues for further analysis. On the basis of such formula- 
tions it has been possible to account quantitatively for the conduct of test- 
ed organisms in compound fields involving competition of excitations and 
change with time. It may be at least serviceably provocative to suggest 
that in this way a measure can be had of certain adjustor properties of the 
central nervous system. At least, it can be foreseen that through the 
difficult but attractive synthesis of more complex situations there is good 
likelihood of arriving at some measure of understanding of what animah 
do. 

In the present chapter we have also applied concepts of genera, 
physiology to certain traditional problems of psychology, such as the tim< 
''sense,” learning, and the Weber-Fechner law. The attempt has beer, 
made to approach, by means of rational formulations in contrast to purely 
empirical descriptions, basic mechanisms involved in the determination ol 
these events. 
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THE MECHANISM AND LAWS OF HEREDITY 

T. H. Morgan 

Calif Of nia Institute of Technology 

If newly acquired habits of an individual should cause corrcspondinji; 
structural and psychic chani^es in its offspring, heredity would become a 
branch of animal psychology. The slogan that instincts are inherited 
habits has, it is true, at times held the attention of philosophers, and even 
of scientists of the old school. Lamarck, the acknowledged founder of the 
doctrine of the inheritance of acquired characters, brought forward no 
sufficient evidence in support of his views, since the cases he cites by way 
of illustration — the giiaftes long neck as a result of stretching, the toe 
membranes of wading birds from spreading the toes in mud, etc. — are 
largely figments of the imagination. In fact, the idea itself did not origi- 
nate with Lamarck, but is a very ancient one. A belief in such trans- 
mission is found in the folklore of many peoples, and Lamarck^s *^evi- 
dence*^ is indeed as naive as that of these stories and myths. It is, I 
think, largely because Lamarck relied on argument rather than objective 
proof that his theory failed to be accepted widely by physiologists trained 
in the more exact methods of science and found its adherents largely 
amongst artists, amateurs, paleontologists, psychologists, and zoologists 
not addicted to the rigors of experimental science. 

Herbert Spencer (1866, 1890, 1893^/, 1893^, 1893c), at the end of the 
last century, carried the message to a large audience, ready to believe but 
not over-informed as to the difficulties inherent in the problem. Spencer 
brought forward no new evidence but exploited to full advantage certain 
theoretical situations. Perhaps his most characteristic argument relates to 
the discrimination of the sense of touch in different parts of the human 
body. A study of the topography of this function shows, he claimed, that 
this sense is most refined wherever the skin is most exposed to contact with 
the outSde world — on the lips, fingertips, etc. — and decreases in proportion 
to the distance from the extremities in question. The discrimination rests 
on the distribution of touch-buds, but Spencer failed to show that these 
would develop more abundantly in an individual where contact is most fre- 
quent, and more abundantly in the offspring of the individual in question. 
Here, as in all such cases, the real point at issue is assumed on the basis of 
circumstantial evidence and the biological difficulties ignored. Moreover, 
when the theory does not strictly apply, imaginary possibilities are intro- 
duced; and where it is the simplest solution, no actual evidence is sup- 
plied to establish it, but its plausibility is urged as sufficient argument for 
its validity. 

Hering in 1870 pointed out similarities between memory and hered' 
ity and, because of a , striking but superficial resemblance, attempte<i to 
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identify one with the other. The arpjument, like others of its kind, ignores 
the actualities in the two situations. These differences have become 
greater as our information in the two fields has become more specific. 
Samuel Butler (1878, 1882), better known ab a romantic novelist and 
writer than as a scientist, wrote vehemently in behalf of the identification 
of memory with heredity, undaunted by the difficulty of attempting to 
explain the better-known phenomena of heiedity by an appeal to the less 
well-understood processes of memory. Somewhat similar attempts in later 
years have been made by Ward (1913), Semon (1905^, 1905Z>, 1907, 
1911, 1912), and Eld ridge (1925), not to mention less ambitious attempts 
by others. 

More serious consideration must be given to the experimental evi- 
dence recently brought forwaid by Griffith (1922) and later reviewed by 
Detlefsen (1923, 1925), also to the elaborate expeiiment of McDougall 
(1927) on the inherited effect of training of white rats. 

Griffith’s experiments with continuous rotation appear to furnish a 
case of inheritance of specific disequilibration. Adult rats were rotated 
in pens for long periods, some in a clockwise and others in a counter- 
clockwise direction. Several weeks after removal some of the rats de- 
veloped a peculiar twist of the head and a permanent nystagmus in direct 
relation to the direction of rotation, etc. Griffith also reported the appear- 
ance of disequilibration in the descendants of these rats, and, what is 
more important, in the earlier oral reports by Detlefsen and in Griffith’s 
report there was stated to be a high correlation between the right or 
left reaction of the treated parents and that of their offspring. Later 
observations by Casamajor, Detlefsen (1923), and McCordock and Cong- 
don (1924) have shown that disequilib rated rats occasionally appear 
without previous rotation. These rats give the same physiological reaction 
that the rotated rats exhibit. There is more than a suspicion that the reac- 
tion is due to defects or disease in one of the ears. Detlefsen has also 
called forth the same reaction by injuring one labyrinth. It seems, there- 
fore, not improbable that the rotation caused similar injuries, but this still 
will not explain the reported correlation between parent and offspring in 
Griffith’s experiment. The not-infre(iuent occurrence, however, of dis- 
equilibrated rats that have not been rotated cannot but jeopardize the re- 
sults of Griffith’s experiments, even though he found no such disequilibra- 
tion in the^ brothers and sisters of his treated stock or in their descendants. 
The experiment calls for careful repetition in the light of this evidence on 
rats that have been made as nearly homozygous as possible beforehand, and 
also for careful scrutiny as to possible infection or indirect transmission of 
a diseased condition of the ears. 

McDougall’s experiments in which white rats were dropped in a tank 
of water and given a choice of routes for escape with or without pun- 
ishment seem to him to show that the results of training are in some 
degree inherited. The earlier work, the results of which were reported 
in 1927» has been continued and the outcome reported in 1930. In the 
, first report the statement that, since the rats had long been inbred, the 
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Stock was thoroughly homogeneous is offset b\' anorl^ei- statement that 
there were “very large indivKiual differences heUreen the anuoals in 
respect of the rate at which thev master their tasks.” in another con- 
nection McDougall points out that some of the rats and their descendants 
showed a tendency to go to the right (oi left). This would lead a 
geneticist to question the suitability of this or closely related stock tor 
this particular purpose. It is disturbing, to say the least, to meet with 
the statement that ‘‘there is some indication that the transmission of eftects 
of training follows a law of segregation reminiscent of jMendel’s law, 
the effects being transmitted to some individuals and not at all to others.” 
Such statements are too vague to mean much, if anything. The earlier 
experiments were carried through thirteen generations, the later through 
ten generations more (fourteenth to twenty-third generations), and the 
results showed a further increase in facility of learning. The average 
number of errors per rat in the fourteenth generation was 80; in the 
twenty-third generation it was only 25. The number of errors of the 
best rate in the fourteenth generation was 42, and of the worst rat, 102. 
In the twenty-third generation the best rat committed only 3 errors 
and the worst, 71. These figuies, taken in connection with the progresr 
sive changes throughout all the scries, leave little doubt that a change 
of some kind had taken place. The results are also compared with 
those obtained in a new set of experiments on untrained parents from 
the original stock and on their oft'spring. Moreover, in the new gen- 
eration of these rats a reversed selection was made on five rats, using 
rats that were inferior in respect to their rate of learning. There were 
eighteen offspring trained. The worst half of the offspring were inbred, 
and twelve of their offspring (WCr,) were tested. There was evidence 
that an improvement had taken place despite that fact that the two pre- 
ceding generations had been selected against, etc. ‘‘This seems to imply 
that the Lamarckian transmission of acquired facility overcomes the 
opposed influence of adverse selection,*’ 

Taking the figures at their face value, there seems to have been a dis- 
tinct improvement in the successive generations of trained rats. I'o a 
geneticist the results bear all the earmarks of some kind of selection’s taking 
place despite the conscientious attempt of the experimenter to avoid it. 
There arc genetic methods by which selection can be eliminated, but this 
would require a more critical procedure than has been applied. The 
reverse selection on which McDougall lays so much emphasis is quite 
inadequate to cover the situation, although, if carried out under genetic 
control, it might be expected to give significant results. But if, as 
McDougall says, “the vague possibility of some ‘telepathic’ influence 
from me to the rat must be regarded seriously,” the problem is quite 
outside the range of genetic science. In the absence of published data to 
indicate how long after training the young of the next litter were born, 
a serious question arises as to whether the effects of the training may or 
may not be lost. Is habit formation an irreversible process? If n new 
habit can be “formed” in fifteen days, how much, one asks, may be lost 
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after several months? Does the ^'loss” or *Misuse'^ occur also in the 
j^erm-cells of the individual, or does the registration once made there 
last forever? 

Physiologists can show a small but no less distinguished list of advo- 
cates of the doctrine. The experiments of Brown-Sequard on guinea 
pigs have been for a long time in the literature, but owing to the conflict- 
ing and largely negative evidence that has resulted from attempts to re- 
peat his experiment his case has slowly drifted into the background. 
Romanes (1892, 1895, 1897) has discussed this evidence at length, and 
more recently it has been considered by several other observers. 

Brown-Sequard (1869, 1870-71^, 1870-71^^, 1872, 1880, 1882, 1892, 
1893) reported the appearance of epilepsy in the off-spring of parents 
that had been made epileptic by an injury to the spinal cord or to the 
sciatic nerve. He also reported partial closure of the eyes in animals 
born of parents showing a similar state of the eyelids after sectioning 
of the superior cervical ganglion. Exophthalmia appeared in the off- 
spring of parents in which injury to the restiform body had produced 
a protrusion of the eyeball. Absence of vSome of the toes occurred in 
the offspring of animals whose parents had eaten off some of their toes, 
or in which the toes had been affected after cutting the sciatic nerve. 
These and a few other observations seem to relate to cases of specific in- 
heritance. Brown-Sequard states that he had never observed similar de- 
fects in guinea pigs not operated upon. Many attempts to confirm these 
results have been made, A few cases of partial confirmation have been 
reported, as well as failures. Weismann’s attempt to explain away the 
results as due to direct infection of the offspring by the parent will not 
account for the reported specific nature of the transmission. The most 
serious criticism of Brown-Sequard ’s results is the sporadic occurrence of 
the reported transmission, the absence of data to show the frequency of 
failuie to transmit, and the failure to use pedigreed material known to be 
free from inherited defects of the kind reported. In the case of epilepsy 
the nature of the disease (?) is problematical. The suggestion that it 
may appear in animals weakened by treatment or otherwise has been re- 
garded as plausible. Whether the offspring of animals which have been 
made epileptic produce weaker offspring is not known. The absence of 
information on these and other conditions is a serious obstacle to the 
acceptance of Brown-Sequard*s conclusions. Other experimenters have 
in recent years reported the appearance of defects in the offspring of guinea 
pigs whose parents have been injured, but it appears that these facts may 
be more simply explained as due to direct injuries to the germ-cells. Until 
such an explanation of Brown-Sequard^s experiments can be shown not to 
if)Lold, his results cannot be regarded as establishing his claims of somatic 
; ,'lndddffon of specific defects. 

'i , years ago Pavlov startled the scientific world by a report of ex- 

■iperiiikcpts made with mice. He stated that conditioned reflexes, estab- 
the sound of a bell as a call for jfood, were transmitted to the 
Exipectation hung for several i^ears in the balance, for the 
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great reputation of Pavlov called for serious consideration of his very 
positive statements based supposedh^ on exact experiments. Others who had 
already worked in the same held (MacDowell, 1919, 1921, 192v^; Vicari, 
1924; and Tolman, 1924) had seen no such effects where they should have 
been even more in evidence did they occur, since these woikers dealt with 
the histories of individual cases and in one instance with homogeneous 
material. It now appeals that some error had crept into Pavlov's experi- 
ments, since he has sponsored their withdrawal. 

Zoologists, too, can supply a long list of devoted adherents to the theory 
of the inheritance of acquired characters, and, while Weismann’s at- 
tack in 1886 convinced almost everyone that more care was required in 
weighing the reported evidence, nevertheless there have not been lacking 
serious attempts to rehabilitate the theory on the giounds of new evidence. 

We may pass over the views of the paleontologists, vcho could not possi- 
bly from the nature of their material supply the necessary critical evidence, 
for, however convinced they are that tlie course of evolution has been along 
lines of adaptation to environmental needs in a mechanical sense, they 
cannot be expected to disprove the possibility that such adaptations might 
have come about in other ways. 

Zoologists who have argued the question on general grounds, as did Dar- 
win, and later Delage, Pauly (1905), Semon (19()5/^r, 1905/^, 1907, 
1911, 1912), Cunningham (JtS92, 189S, 1896, 1900), and others, 
have supplied no really critical evidence. On the other hand, the experi- 
rnental work of several other zoologists has kept the discussion alive, 
Kammerer’s ( 191 1, 1924) numerous reports of extensive series of experi- 
ments, claiming to establish the transmission of artificially induced structural 
changes and physiological activities, have been under fire from the begin- 
ning. 1 he experiments W'cre ingeniously planned, and, taken at tlidr 
face value, appeared over-abundantly to establish his contention. "Po de- 
monstrate his claims, careful and unselected data are called for that have 
quantitative measurements to support them. In the absence of such data, 
the expressed conviction of the author that such effects do occur intro- 
duces a personal equation that may well color the facts as reportcul. When 
his experiments have been repeated by others (Herbst, 1919), with more 
attention to detail, they have failed to confix m his claims, and have made 
it clear that in his haste to establish his principles he has often neglected 
facts that vitiate the evidence. His final and most heralded result on the 
thumb pad of the midwife toad has been .shown, in one crucial case at least, 
to have been fraudulent, the responsibility for which Kammerer repudiated 
before his tragic death. 

Guyer and Smith (1918, 1920) reported a few cases in which eye 
defects in rabbits, induced in utern, reappeared in a few of the descendants. 
Later a more specific result was obtained by Guyer (1922<?, 1923) by in- 
juring the lens with a needle. Again, ej^e defects were found in a few 
k criticism of this evidence it should be poinnnl out 

that the efiEects were at best sporadic and not beyond the possibility that 
they were due to defective germ-plasm in the stock used-— the controls not 
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being sufficient protection against this possibility. Guyer has been careful 
to guard against this contingency and has never made extravagant claims 
as to the certainty of the results* being due to transmission. In more 
recent years several repetitions of the experiments (Huxley and Carr- 
Saunders, 1924; Findlay, 1924; and others) have failed to confirm Guyer *s 
results, and others (von Hippie; von Szily, 1924; Hochstetter; and 
Koyanagi) have reported eye defects in rabbits that occasionally crop up 
often enough to make the material suspect. 

Certain moths have been reported to develop a black strain in certain 
factory districts in England. Harrison has made some experiments with these 
moths by putting into the food of the caterpillars some of the ingredients 
that might be supposed to have fallen on the larvae from factory smoke 
and to have caused the observed changes. The caterpillars so treated 
produced moths. A very few of the eggs of these moths gave melanic 
individuals and this character was transmitted to their offspring as a 
Mendelian character. In his earlier reports Ha*rrison explained this as 
due to the inheritance of an acquired character in the conventional sense, 
A closer scrutiny of the evidence, however, does not support this conclu- 
sion, since it becomes evident that the result can be explained, and better 
explained, I think, as the result of a direct action on the germ-cells. 
Interpreted in this way, the body cells have not changed the germ-cells, 
at first indifferent, into their own likeness, so to speak, but a change took 
place in the preceding generation in some of the germ-cells that was 
transmitted both to the body cells and to the germ-cells of the black indi- 
viduals. In other words, there was a direct action of the environment pro- 
ducing a mutation in one or more germ-cells and not ‘‘somatic induction.” 
Diirken’s (1923) experiment purporting to show the inherited influence 
of light on pupae of a butterfly can be accounted for by the selection of 
individuals more or less sensitive to light from a mixed population. 

That germ-cells may be affected by the environment has been shown by 
recent work on the effects of radium and X-rays (Little and Bagg, 1924; 
Muller, 1921 a, 1921 b, 1928, 1930). The action of radium in producing 
irregularities in the distribution of chromosomes and parts of chromosomes 
had already been demonstrated by the earlier work of Hertwig (1905, 
1923), Packard (1893, 1894), Mohr (1919), and several others. Ap- 
parently in line with this evidence is that obtained by Stockard (1893) 
and Stockard and Papanicolaou (1916, 1918) on guinea pigs. The results 
were at first obscured by the fact that the lenses of the eyes of the adult 
guinea pig that had received alcohol treatment were made opaque. The 
offspring occasionally showed defects, and amongst these were eye defects 
of various kinds, Stockard is inclined to interpret the results as due to 
the direct effects of the alcohol on the germ-cells of the treated individuals. 

An impartial survey of all this evidence cannot fail, I think, to give 
the impression that the many attempts to obtain crucial evidence that so- 
npiatically acquired characters produce specific changes of the same kind in 
Ae germ-cells have failed. If such effects are transmitted, and especially 
if theses are pre-eminently adaptive ones, there is every reason to suppose 
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that evidence of such transmission should be obtainable — in fact should 
be abundantly apparent to anyone making careful observations. There 
is lack of care in experimentation and of acumen in reasoning from the 
evidence manifest in most of the reported results. To suggc*st tint the 
influence may not be felt unless extended over manv, or an indefinite 
number of generations, removes the problem from the field of experimental 
science. The situation is even worse when behavior patterns are con- 
sidered, for all such adaptive reactions are highly complex, involving in- 
tricate nerve and muscle adjustments. It is, I venture to think, beyond 
the imaginative capacity of biologists, familiar with what is best known 
today in embryonic development and in genetics, to suggest any ra- 
tional process by which such complexities could be carried over as a whole 
from the body cells to the germ-cells. If, then, the alliance between 
psychology and genetics is not likely to be established along this line, it 
remains to discover whether the present status of heredity points to other 
possible relations that may exist between these two branches of science. 

Mendelt>vn Heredity 

In the meantime, while argument and counter-argument have continued 
without apparently bringing any relief or real support to the Larmarck- 
ians, there has been remarkable progress in several other fields that 
must have an important influence on all questions concerning heredity, 
I refer to the study of the egg, its fertilization and development, to the 
results of cytological work bearing on the nature of the chromosomes, and 
to the extraordinary series of events that occur at the time of the matura- 
tion of the germ-cclls. These discoveries have become such an integral part 
of the modern theory of heredity that to ignore them through prejudice or 
ignorance would be tantamount to a disregard of the most accurate in- 
formation that is known relating to the mechanism of heredity- The 
details of this cytological work will he found in numerous texts now avail- 
able. Only the most general conclusions need be stated here. 

The evidence from genetics has shown that the chromosomes are the 
bearers of the hereditary elements. Each species of animal and plant 
has a definite number of chromosomes of characteristic size. There are 
two chromosomes of each kind in all the body cells as well as in the young 
germ-cells. The members of each pair are, in homogeneous races, identi- 
cal in their hereditary elements, but in the hybrid, or heterozygous indi- 
vidual, one member of a pair may differ from the other in one or more ele- 
ments or genes. The cells are double-barreled or duplex with respect to 
their hereditary elements* The different pairs of chromosomes carry differ- 
ent sets of elements. 

The genetic evidence further indicates that the hereditary elements, the 
genes, lie in a linear order in the chromosomes — like beads on a string — 
or at least the facts can be explained on this assumption, the genes them- 
selves being too small to be visible. The serial order of the genes is 
maintained throughout all successive divisions of the cell and from one 
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FIGURE 1 

DiVfiR.vM Ileus rRvnNo Cell Division 

The chromosomes are represented as black threads (a), or bent rods which 
become connected with protoplasmic threads {b). Each chromosome splits 
lengthwise (r), and the halves or daughter chromosomes pass to opposite poles 
id, e)^ where they subsequently become vacuolated to form the resting nuclei 
of the two daughter cells (/). 

generation to the next. This is made possible by the way the chromo- 
somes divide at each cell division. Each chromosome splits lengthwise 
into daughter threads, exactly equivalent (Figure 1)* Since all the cells 
of the body contain the duplex set of genes, we must regard every cell, 
no matter how it is differentiated, as carrying the entire equipment of 
hereditary elements. In other words, the different cells of the body, no 
matter what their function, are looked upon as containing all the elements. 
It is dijfEcult to furnish complete proof of the last statement, but since 
there is a great deal of direct evidence supporting it, and none opposed, it 
seems not unreasonable to make this somewhat broad generalization. 

, The implications m this statement are significant, for they mean that the 
ehotbryonic development — the extensive processes of specialization or differ- 
^litmtion in the cells derived from the fertilized egg — cannot be explained, 
W Roux and Weismann once supposed, by the sorting-out of the hereditary 
>^leteent$ of, the chromosomes, but must be explained on either of two hy- 
pothecs; first, that different genes begin to function at different stages 
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of development; or, second, that the initial ditfercnces lie in the cytoplasm. 
In fact, the evidence at hand indicates that the initiation of diiiercntiation 
of some of the important characters begins in the egg hefore the chromo- 
somes are separated. 

If differentiation of the parts of the individual is a property of tlie 
protoplasm of the egg and embryo, why, it may be asked, is not the proto- 
plasm the real bearer of heredity? The answer is that there is todav ex- 
plicit evidence showing that the behavior of the cytoplasm is determined 
in the last analysis by the composition of the chromosomes. The determi- 
nation may take place before development begins or at later stages. The 
evidence supporting this assumption will be given later, after the facts of 
Mendelian inheritance have been reviewed. 

The Chroimosome Mechanism of Heredity 

Mendel’s (1865) two laws of heredity were deduced from numerical 
data derived from crosses of two individuals that differed in one or more 
characters. Since the types selected for crossing were sharply separable for 
one or more striking characters, these characters came later to be spoken 
of as unit characters. 

Mendel assumed that each one of the contrasted characters is due to 
an element or unit in the germ-plasm responsible for that character, and 
that these units separate from each other in the eggs and pollen of the 
hybrid. 

In the early days of Mendelism — at the beginning of this century — the 
idea prevailed in certain quarters that each element in the germ-cells 
produces in the individual one particular character. Needless confusion 
soon arose from the identification of the germinal unit with the unit 
character. The identification was misleading when it was attempted to 
show that the fluctuations in the character arose from similar fluctuations 
in the germinal unit. If this erroneous idea had gained headway it would 
have gone far to undo the all-important clue that Mendel’s discovery had 
furnished as an explanation of heredity. 

There is abundant evidence at the present time to prove that the 
germinal units or genes may, and generally do, affect more than one of the 
characters of the individual, and that these effects are present whenever 
a specific gene is present. As a rule the most conspicuous amongst these 
effects is designated as the character whose heredity we study. It would 
be equally possible in most cases to follow one of the minor characters. 
The outcome would be the same. 

The idea that each character is the product of a single gene is in a 
sense correct, but only in so far as the presence of a particular gene is 
determinative for a given character. The genes arc only differentials. 
But the same gene may affect many other characters ; in fact, it might be 
said that a change in a pair of genes (or in one only if it is dominant) 
might affect every single character of the individual, but, since we cannot 
identify all of its effects, there is little to be gained in pressing this point- 
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In fact, there are good and suflScient reasons to infer that some characters 
are not affected at all by certain specific genes, since “the principle of all 
or none*^ seems to be a rather general property of differentiation. 

Conversely, if the genes frequently have such far-reaching influences 
as just suggested, it would seem to follow that a great many and perhaps 
all the genes are contributory agents to every character of the individual. 
The individual would be the effect of all of its genes in every part. It 
is not necessary at present to carry this statement too far, but it agrees 
with what embryonic development teaches with clarity, namely, that each 
organ passes through a scries of changes before reaching its goal, and most 
organs are also composites of several or many kinds of tissues whose differ- 
entiation has taken place along different lines. The human eye, for exam- 
ple, comes in part from the forebrain, in part from the ectoderm of the side 
of the head. Mesenchyme and mesoderm contribute to it, and blood vessels 
are also pushed into the interior of the mass. Therefore, when we con- 
trast in heredity blue and brown eyes, we are describing a single differ- 
ence dependent on the presence or absence of brown pigment granules in 
the iris (in which the two kinds of eyes differ), yet there remain numbers 
of characters that the eyes have in common. Here we pick out only a 
pair of contrasted conditions, but it may be pointed out that the same 
pair of genes that leads to a failure in the development of brown pigment 
may have other effects in other parts of the body — in the nervous system 
or in the skin, for instance — that we have not yet identified. In any case 
the eye is found to be a complex of tissues to whose development a host 
of genes may be contributory. 

For present purposes, however, the important fact is that we can ascribe 
this effect on the eye color to a particular chromosome and in similar cases 
locate the gene in a limited region of a chromosome. In order to show in 
general how this has been possible, it -will be necessary to describe how 
the mechanism that is implied but not expressed in MendeFs laws is 
due to the behavior of chromosomes as wholes, and how later work has 
enabled us to locate, within the chromosome chain of genes, the particular 
gene that produces certain effects. 

Just before the final stages in the ripening of the germ-cells (egg and 
sperm) an extraordinary event takes place. In each cell the chromosomes 
come together in pairs. Each pair consists of one maternally derived and 
one paternally derived chromosome. This is illustrated in Figure 2, a, 
where the maternal chromosomes are black and the paternal white. 

At the time of conjugation, the chromosomes stretch out as thin threads 
— ^possibly a line of genes. They come together in pairs throughout their 
length and then shorten to form rods which are often bent. 

The nuclear wall next disappears. The condensed chromosomes then 
pj^ onto a spindle that has meanwhile developed in the protoplasm (Fig- 
nxe 2, b). Here they come to lie in a flat plate at the equator of tlic spin- 
dle,. ; The members of each pair then pass to opposite poles (Figure 2, c. 
Around ^ch set a new membrane develops, 

EaOh daughter, cell no'vy contains one of each kind of chromosome, ''Fhe 
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FIGURE 2 

Diagram To Illustrate Conjugation and Reductlon of the Chromosomes 
In (a) pairs of chromosomes in the form of thin threads are coming together 
(conjugation). In (If) they have shortened and occupy the equator of the 
^'spindle.” In (c) one member of each pair is passing to one pole and its 
mate to the opposite pole of the spindle. In (d) they have reached the pole. 
Cell division then taking place, two cells result each with the half number of 
chromosomes. The second maturation division is not shown here. 


original number is reduced to hall in each daughter cell, and, since at the 
time of separation the maternal and paternal members of the different 
pairs are distributed at random, the half number may be made up both 
of maternal and paternal chromosomes* but each cell always has one mem- 
ber of each pair. 

After a short resting period (in the sperm-cells at least) another divi- 
sion phase sets in. Here each chromosome is split throughout its length, 
as in ordinary division, and the halves pass to daughter cells. Each cell 
still has the half number of chromosomes which now pass again into the 
nuclear resting phase. Out of these cells the mature germ-cells are pro- 
duced — eggs and spermatozoa. 

The generalized description just given covers the essential facts, but in 
detail the changes differ in the ripening of eggs and sperm-cells. The 
sperm-cell follows closely the above scheme (Figure 3). Four sperma- 
tozoa are produced by two divisions of the original mother cell. Each sperm 
carries half the total number of chromosomes. The egg cell also divides 
twice (Figure 4), but in animals one of the products of the division is 
extremely small — invisible to the unaided eye. It is called a polar body. 
Two such bodies are off*^ by two miotic divisions that are exactly 

comparable to those in the sperm except for size. The first polar body 
generally divides again. The three polar bodies and the egg are compara- 
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Diagram To Illustrate the Two Maturation Divisions of a Sperm 
Mother Cell 

In the upper line {a,b,c) conjugation is shown. In the second lim {dj,e,f) 
the reduction at the first division is taking place. In the third line {&, A, i) the 
second or c^iuatorial division is taking place in each of the two cells. ^ In the latter 
division each chromosome splits lengthwise as in ordinary cell division. 

ble to the four spermatozoa, but the egg alone is capable of further devel- 
opment. Since the first division of the chromosomes reduces the number 
in the egg as it does in the spermatozoa, there will be as many kinds of eggs 
as there are kinds of spermatozoa. 

Fertilization of the eggs, each by a single sperm, leads to the union of 
the nucleus of the egg with that of the sperm to form a new nucleus con- 
taining the sum of the two sets of chromosomes, or the total number 
(Figure 5). Each divides lengthwise at every subsequent division of the 
segmenting egg, and, in consequence, every cell of the body comes to con- 

the duplex number. ^ i u 

,Krh*6 application of the chromosome mechanism to Mendel s laws may be 
ftlh^rated by the following example, in which symbols for the genes will 
feit hp.givep (Figure 6) and then (Figure 8) chromosomes substituted 
:fbir, ,^e, letters. Mendel crossed a pea from a race breeding true to tallness 
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FIGURE 4 

Diagram To Illustrate the Two Matur\tion Divisions of the Egg 
In the unoer line (a, b, c) the reduction division is taking place. The first 
polar body is given off (r). In the second line {d,_c,f) the second or equa- 
torial division is taking place, each chromosome splitting 

polar body is given off (e,/), and at the same time the hrst polar body divides. 



FIGURE S 

DtACRAM To IlLUOTRATE THE FERTILlzmc OF THE EOC BY A SlKCf.E SpKRM 
Which Brings in the Speiim Nucleus 
T he two nuclei fuse to form the segmentation nucleus which will have the total 
number of chromosomes. 




FlGtJRE 6 

Diagram To Illustrate a Cross oeween Tall and Short Edible Peas 

The small letter s stands for the short-producing gene. The large letter S 
for the normal allelomorph or tail The offspring or *‘hybrid’» (Fi Ss) is tall 
It produces two kinds of eggs and two kinds of germ-cells or gametes, viz., A 
and s. Self-fertilization gives three kinds of offspring (Ft) in the ratio of 
1:2:1; viz.: tall tall, tall short, and short short. The first and last breed true 
as shown in Fa. 

to a pea from a short race (Figure 6). The genes for tallness may be 
designated by the letters 55. The ripe egg will contain one of them, 5. 
Similarly in the other race (ss) each pollen grain will contain one gene 
for short, s, After crossing, the fertilized egg will^ contain this pair of 
genes, Ss — ^one for tall and one for short. The hybrid that develops from 
the egg will contain the same pair in all of its cells. 

The fact that the hybrid itself is tall means that, when both are pres- 
ent, the tall gene produces its full effect, and is said to be dominant or to 
dominate* 

When in the hybrid the gerro-cells ripen, the genes in question, tall and 
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TALL SHORT 



Fj TALL (SHORT) 



FIGURE 7 

Diagram To Illustrate the Fertilization of the Two Kinds of Eggs, Tall 
AND Short, of the Hybrid (Fi) by the Two Kinds of Pollen Grains, Giving 

THE Ratio 1:2:1 in Fa 

short, will separate, and each germ-cell will come to contain one or the 
other (Figure 6). The garden pea is hermaphroditic or bisexual. Eggs 
and pollen develop on the same plant. Half of the eggs of the hybrid will, 
when maturation is completed, contain the short-producing, and half will 
contain the long-producing, gene. The same is true for the pollen. Chance 
fertilization of any egg by any pollen grain will give four classes of individ- 
uals in the ratio of 1:2:1 (Figure 7). 

One class will be pure for tall, since it contains both of the tail- 
producing genes. It will breed as true to this character as did the original 
tall parent, even though one of its grandparents was short. 

Two classes will be hybrid. They contain one tail-producing and one 
short-producing gene. If self-fertilized they will behave like the hybrid 
parent (Fi), and give again a ratio of 1 :2:1. 

The remaining class will be short, since it contains the two short-produc- 
ing genes. It will breed true to this character, even though its parents 
were tall (Figure 6). 

If, instead of representing the elements (genes) for tall and short by 
letters, they are represented by a pair of chromosomes, the outcome (Fig- 
ure 8) is the same as that just described. In this diagram the chromosomes 
which carry the genes for tall are represented by black rods, the homolo- 
gous chromosomes, which carry the genes for short, are represented by 
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FIGURE 8 

Diagram Iixustratiko How a Pair of Chromosomes Behaves in the Cross 

BETWEEN A TaLL AND A SHORT PEA 

The black rods arc each supposed to carry the gene for tall, the white rods the 
one for short 


white rods. The hybrid has one of each kind. These, separating at matu- 
ration of the Kerm-cells, give two kinds of reduced eggs and two kinds of 
reduced pollen cells. Chance fertilization of any egg by any pollen 
grain gives the 1:2:1 ratio. . . j- 

This example shows how the chromosomes supply the mechanism for 
Mendel’s first law, that may be called the law of segregation, which 
means that in the hybrid the contrasted elements are segregated into dif- 
ferent germ-cells. ^ , 

There is an adequate test of Mendel’s first law by means of a hack- 
I jcross. If, in the last case, the egg^ of the F, hybrid were artificially 
bailed, 'not by its own pollen but by pollen from a rac«_ of short pe^, the 
on the theory would be for half the offspring to be tall, half 
because, on the theory, the hybrid produces two kinds of ^rm-cells 
'^siliVigld short — ^in equal numbers, and the germ-cells of the short peas 
atq:iriSce^ and all short-producing. The offspring should then be hybrid 
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(i.e., tall) and short In equal numbeis I'he Mi.j.lnr. the e^necra- 

tions. Rfany other tests arc possible and ha\e al! been matie in lUciv 

delian crosses. The}' confirm MendeFs theoi 3 % 

AVhen two independent pairs of cliaractcis enter into th(‘ s; mt f i1><‘ 
elements of each pair beinp; carried bv a different pair of chromc,s(}mes, 
each pair follow^s the first law, but, since each pair sej^regjates independ- 
ently, there will be four kinds of germ-cells that give by recombinatK^n in 
the second geneiation 16 classes. These fall into four groups in the 
ratio of 9:3:3:1. For example, if a pea that is tall and has purple floweis 
is crossed to a short pea with white flowers (Figure 9), the first generation 
peas arc ail tall and purple, since these two characters dominate. When 
the chromosome pairs are segregated in the hybrids, there will be four 
and only four assortments (germ-cells) possible, as shown in Figure 9, 
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TP t p t ? To 

FIGURE 9 


Diagram Illustrating a Cross between Tall Purple and Short White Peas 
The two spindles in the lower part of the diagram show how the independent 
assortment of the two pairs leads to the formation of four kinds of germ-cells 
{TP, ip, tP, TP), 


These are tall purple, tall white, short purple, short white, in equal num- 
bers. If, when the hybrid is self-fertilfeed, the meeting of any one of the 
four kinds of pollen grains with any one of the four kinds of eggs is a 
chance event (which means that there is no selective fertilization), the 16 
possible unions result that are shown in the next diagram (Figure 10). 
When the characters shown by the individuals are classified according to 
dominance, there are present nine with two dominants, three with one, and 
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FIGURE 10 

Diagram Iluistrating the 16 Classes of Fa Individuals Resulting i*rom a Cross 
BETWEEN Tall Purple and Short White Peas 
These 16 classes fall into four groups as determined by the presence of two 
or one or no dominant gene, giving the 9:3:3, 1 ratio. 


three with the other dominant, and one with neither dominant, the 
so-called double recessive. 

The outcome in the second generation from a cross involving two pairs 
of genes is the same regardless as to whether both dominants went in from 
one side and both recessives from the other side (as above) or whether a 
dominant of one pair and a recessive from the other pair go in together. 
Independent assortment of the pairs leads in both cases to the same kinds 
of germ-cells in the hybrid. 

On the other hand, as will be shown later, the result would be expected 
to be different, as it is in fact, if two (or more) pairs of genes should be 
in the same chromosome pair. Mendel did not meet with cases of this 
kind although several are known today in garden peas and a great many 
such cases in other types. 

When three or more independent pairs of characters are present in a 
cross, the principles involved are the same — there will be, of course, more 
classes in the second generation. 

Mendel regarded one member of a pair of characters as completely 
dominant over the other member. Many such cases are at present known, 
but there are many other cases in which dominance is not complete, and 
the character in the hybrid lies somewhere between those of its parents. 
Nevertheless, by suitable tCsSts it has been amply shown that the segrega- 
tion of the genes in the hybrid is as accurate and clcan-cut as in the former 
cases. 

One of the difficulties that has come up as our information has broad- 
ened relates to situations where modifiers of characters are present. The 
mjtnplest cases of this sort are those where specific genes exist that intensify 
,or> Conversely, dilute the character in question. In extreme cases a modi- 
fie:^ imay completely suppress the expression of another character. The 
ooCurifCcice of such genes is an ever-present anxiety to the geneticist, but 
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suitable methods are known hy whicli modifiers can fneui-^el-’^cs be sttidied 
as are other Mendelian characters. 

More difficult to handle are multiple-factor cases in \rliis h the devcloo- 
ment of a character is the direct result of more than one kind of — ill, 
taken together, adding to or subtracting from a gi\en raeasuremc'nt. lleiidu 
in man or in corn is an example. The height of a man may be due to 
of legs or body or neck or of all taken together or to what is kncmn 'is 
hybrid vigor. Height in man may be due to the time at which sexur.l 
maturity is reached or to the activity of glands of internal secretion, etc. 
Different genetic factors may bring about these changes. Hence no one 
or even a few factors suffice to explain the result, and, since their effects 
may overlap, the analysis is made difficult. In such cases the usual resort 
is to employ statistical methods, but the interest of the geneticist lies in the 
detection of the specific genes involved. As long as a given result is the 
outcome of different, unknown, genetic factors, the statistical treatment 
may serve as a temporary expedient. When the genetic anal^’^sis can be 
made, it clears up the situation by resolving it into the specific agencies 
producing a complex result. 

So far the chromosomes have been considered as wholes, but during the 
last fifteen years evidence has been obtained that proves that at one stage 
in their cycle there may occur interchanges between the members of each 
pair. In so far as this takes place, Menders second law no longer covers 
the facts, The new procedure enables us, none the less, to treat the prob- 
lems of heredity that arise with the same exactness as applies to MendeFs 
laws. This phenomenon is known as crossing over. 

An example will serve to illustrate crossing over. There is a mutant 
race of the vinegar fly Drosophila that has black wings. It gives, when 
crossed to the wild fly that has gray wings, thrje grays to one black in the 
second generation. There is another mutant race that has vestiges of wings. 
The wings of the wild type may be called long. Vestigial crossed to long 
gives three longs to one vestigial in the second generation. In other words, 
the two mutant characters are recessive, and when each alone is present in 
a cross it gives the Mendelian ratio 3:1 in F 2 , and in a back-cross a 1 :1 
ratio. 

Now, if a fly that is both black and vestigial is crossed to one that is 
gray and long, the offspring (Fi) are gray and long. If the Fi females 
are mated to double-recessive, black, vestigial males of stock, the next gen- 
eration gives: 

Gray Black Gray Black 

long vestigial vestigial long 

41.5 41.5 S.S 8.5 

^ Since the black vestigial male used in the back-cross carried only reces- 
sive genes, the result reveals the kinds and proportions of the germ-cells of 
the hybrid female (Fi). The result means that 41.5% of her germ- 
cells contained the two recessive genes that went in from one par- 
ent and 41.5% of the germ-cells contained the two dominant genes 
that went in from the other parent. We speak of these genes as linked 
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together to the extent shown by the figures. In addition theie are two 
other classes of germ-cells that are, so to speak, interchanges between the 
combinations that went in together. These classes are called cioss-overs 
and constitute 17% of all the Fo flies. 

If we suppose that black (if) and vestigial (zf) aie carried b}' the 
same chromosome and that gray (B) and long (F) are canied by the 
homologous chromosome of the other parent, then, as shown in Figure 11, 

Bfack ves-tigiai Gray long 

I § § I 


Germ cells 
of parents 



Hybrid (F,) 




Eggs of Hybrid 

Non-crossover ‘Crossover 

gametes gametes 


Sperm of 

Black vestigial male 



Non* crossovers 


Crossovers 


83 % 


17% 


FIGURE 11 

Iclustratiko Crossing Over between Members op a Chromosome Pair 
OP ,THE HyBRIIO prom A CROSS BETWEEN A BlACK VESTIGIAL AND A GrAY IonG FlV 

The gene for black is b, and for gray B ; that for vestigial is small and that 
for long wings is large K 
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the two chromosomes aie scii; related in the hj fcWfiie into (lihVrenl cells. 
If nothinj2i: further had happened, there would be onU two iiinds ox .^erm- 
cells {bv and BV), 50^r of each kind, hut, as the result*, thci,. are 

onlj’ about 42% of each of these. In addition theic aie inuj oliwi kind', 
of egji cells that can he accounted for if a reciprocal intcrchanj;e iia, taken 
place between the two chromosomes in question. This niav hi irp: esented 
in a diagram by the two chromosomes overlapping at points hi*twe(‘n the 
Mendeiian pairs (Figure 12). If the chromosomes tuse at the p^hu of 



FIGURE 12 

Diagram Illustrating Crossing Over between a Pair of Chromosomes, One 
(Black Dots) Carrying the Genes for Black (b) and Vestigial («/), the 
Other for Gray (B) and Long ( V ) 

In {a) these two chromosomes overlap before coming together as in (&). In 
(c) they are represented as having come together. The two lines of genes on 
each side of the plane of union have now united each into a single line. 

crossing (between the pairs) and the four ends reunite on each side of the 
crossing, the two resulting chromosomes will be bV and Bv respectively. 
It is to be noted that the interchange has involved large pieces of the chro- 
mosomes, but each will still contain its complete number of genes in the 
same sequence as before. As the numerical results show, the interchange 
takes place in only 17% of the original germ-cells. 

There is another important relation that the work on crossing over has 
revealed. The outcome is in principle the same whether the two recessives 
enter from one side and the two dominants from the other, as in the case 
above, or whether a recessive and a dominant enter together. The classes 
themselves in F 2 will, of course, be different. Thus, if black and long had 
entered together from one individual and gray and vestigial from the 
other, the second generation of flies (Fg) from a back-cross gives: 

Non-Cross-over5 ^ Cross-overs 

Black long Gray vestigial Black vestigial <3 ray long 

41.5 41.5 S.5 8.5 



130 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


Again it is evident that the combinations that went in together stay to- 
gether (linkage) more often than they interchange (cross over) and that 
the ratios of the different classes are the same as in the other combination. 
In other words, the result does not depend on the nature of the combina- 
tions that enter together but on the chromosomes as wholes. This relation 
has been found to hold for all cases studied. 

In the example given above, the two characters involve the same organs 
— the wings. This means nothing in itself, for an example might equally 
well have been chosen in which one pair of characters involved one organ 
and the other a different one — a wing and an eye, for instance. In fact, the 
genetic work has shown that the order of the genes in the chromosomes 
bears no relation whatsoever to the principal effect produced by them in 
the individual. In this connection it is worth while to recall that since 
each gene may affect several different parts at the same time, and that we 
select only the major one for purposes of classification, there is no a prion 
reason to expect that the structure of the chromosome would or need have 
any corresponding relation to the structure of the individual. 

The study of many pairs of genes in the same chromosome has shown 
that for any two pairs studied together a definite amount of crossing over 
takes place. Of course this varies somewhat in each case when the envi- 
ronments are different. Temperature may have an effect; the presence of 
other genes even seems in some cases to have an effect. If, as happens in 
extreme cases, the order of the genes becomes changed in a part of a chro- 
mosome, the effect on crossing over is marked in the region affected when 
one chromosome of the pair has the genes in normal sequence and its mate 
in the reverse. We can see, in a way, why this should happen, because the 
like loci no longer lie opposite each other. If crossing over does take place, 
the resulting chromosomes will lack one or the other set of genes that are 
normally present, and in their absence the fly dies sooner or later. 

Crossing over may be approximately the same in both sexes, but it may 
also be different. In extreme cases, such as Drosophila, there is no cross- 
ing over in the male. 

It has been possible to determine the relative position of the genes in 
the chromosomes by taking advantage of crossing over. If we assume 
that, in general, crossing over is as likely to occur at one level as 
at any other, it follows that the nearer together two pairs of genes lie, the 
less the chance that crossing over will occur between them. Also, the far- 
ther apart they lie, the greater this chance. If, then, we interpret the 
numerical results of crossing over as distance between the genes, we get a 
value for their position. 

After getting the ^‘distance” apart of two pairs, we proceed with a third 
pair and locate it in relation to the first two pairs. Proceeding in like man- 
ner, we can locate all of the genes in any linked series^ i.e,, in any one 
chromosome. In this way charts of the chromosomes have been con- 
structed. By arbitrarily taking one end of a series as a reference point, 
Calling it 2:ero, numerical, serial distances or numbers can be assigned to 
all the other genes of that chromosome* Such a chart enables one to cal- 
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culate for any new jiene in a j^iven group its rclatiiiii to ali ihe other genes 
in the group, after determining its crossing-over value ^vith any other two 
known genes. The charts would, then, justity themscives even U the argu- 
ment on which they are based were not sound, because. like Mendel’s laws 
themselves, the charts enable us to handle genetic results on a iiamcrical 
or quantitative basis. 

Human Inheritance and Psychology 

The modern theory of heredity touches, at many points, questions relat- 
ing to human psychology, even though the inheritance of acquired behav- 
ior patterns is not one of them. Man, it is true, furnishes very poor genetic 
material, because the output of a given pair is too meager to furnish a 
characteristic sample, and, when it comes to psychological traits, so called, 
the diagnosis is sometimes uncertain, and a collection of materials from 
diiferent matings is often too heterogeneous for accurate analysis. 

In so far as structure is concerned, there can be no doubt that human 
characters follow Mendel’s laws. I'here is, of course, every a priori expec- 
tation that this should be so, for in his physical characters man is like other 
mammals. To the extent that types of behavior are direct expressions of 
the gross physical characters, we might anticipate that the same laws 
would be found to hold, but it would be unsafe to press too far this antici- 
pation, because man is almost unique amongst animals in his extraordinary 
capacity to learn. His prolonged childhood gives an opportunity to impress 
upon him the traditions, customs, beliefs, and prejudices of his race. Even if 
there were several or very many inherited backgrounds or reaction systems, 
it would remain to be shown to what extent these might be obliterated 
or expanded by training. This is a question of paramount importance for 
the bearing of genetics on psychology. Before attempting to discuss it, I 
shall bring forward some illustrations of the inheritance of typical human 
physical characters, since their acceptance or rejection must supply the 
validity for any further profitable discussion of the more complex subject 
of psychological traits. 

The most familiar and oft-quoted case is that of brown versus blue eyes. 
A brown-eyed man, with an ancestry of brown eyes only, marries a blue- 
eyed woman. All the chiblren have brown eyes. If two individuals 
that have had this origin should mate, they will, on the average, have 
three brown-eyed children to one blue. One such (Fi) pair would not 
have enough children to make the ratio statistically valid, but when data 
from enough such material are collected, it is found that there is an 
approach to a 3:1 ratio. There are, it is tuie, a few apparent discrep- 
ancies that have been reported. Some of them may be due to illegitimate 
children or to differences in classifying the eye colors, for there are other 
iris colors, and their relation to brown is not understood. There are 
also cases where the brown is present only as a fleck. One step more and 
it might not be recognizable. With all due allowance for these exceptions, 
there is no reasonable doubt that brown and not-brown (blue) are a con- 
trasted pair of genes* 
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The brachydactyl or short-fingered hand (and foot) furnishes a striking 
dominant character. One segment of the fingers is absent. The charac- 
ter breeds true to type without intergrades, and at present is known only 
in a hybrid condition. Whether the double dominant is lethal is not 
known. The individuals of the strain, haying recessive or normal hands, 
breed true, i.e., never give brachydactyl offspring, and this is entirely con- 
sistent with the behavior of the normal hand as a Mendelian recessive in 
contrast with the dominant brachydactyl hand. 

There are also several other structuial characters in man, neail> ail of 
which would be called malformations, that are simple cases of Mendelian 
inheritance, and theie are many others that have not, as yet, been proved 
to be the effect of a single pair of genes. The medical literature contains a 
very large number of pedigrees showing the recurrence in successive gen- 
erations of one or anothei bodily defect. Taken collectively they form an 
impressive mass of evidence showing that defective germ-plasm is con- 
stantly ciopping out in man. It may seem surprising that such defects 
have not become more w’idely distiibuted, but in some cases the individ- 
uals may be selected against or be less productive, which would tend to 
eliminate the chaiacter. On the other hand, when recessive, the gene 
might be carried m the heterozygote for some time beneath the surface, 
and become moie or less spread in this way. Even then its distribution 
would tend to be limited. Perhaps more significant might be its prox- 
imity (linkage) to other genes that do or do not count in the viability 
of the individual. 

When two such heterozygous individuals meet, one-fourth of their 
offspring would show the recessive character, even though none of the 
progenitors had shown it for several generations. If such a defect-pro- 
ducing gene should happen to lie in a chromosome carrying a gene espe- 
cially advantageous to the propagation of the individual it might be 
carried much further in the general population, but again the character 
would appear only when two individuals carrying the gene came together. 
Under such circumstances it would be practically impossible to eliminate 
the gene. Such a population would be condemned to produce defectives. 
This might continue indefinitely, provided the advantageous gene more 
than compensated for the loss. 

Most races are mixtures, in different proportions, of four blood types 
that may be represented in Mendelian terms by AB, Ab, aB, ab — ^that is, 
as combinations of two pairs of genes. The data arc also covered by the 
assumption of three allelomorphic genes, A^ B, giving the four groups 
ABf A A (and AR)^ BB (and BR)^ and RR. In some respects the one 
formulation fits the data better, in other respects the other. In either case 
the evidence is sufficient to show that the differences are discontinuous and 
,foll;0'?»y MendePs principle of segregation* In passing, it may be noted 
so 'far as is known, no other subsidiary differences, either physio- 
psychological, are associated with these blood types. No one of 
'has any known advantage over the others. The relative propor- 
in, which they are found are probably due to racial mixtures. 
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The Ground under oui :tet is less su'-e vdien v.c rom " Ui consider the 
effects of Glandular distui nances cithei in bo<n' o; n-ino, ii -uhile the 
evidence oif a close i elation exists in a pli;, -,ioloirical sense, ' le sumo.-'- is 
very weak when we cxaniinc the case for inheritance. Cretiiti-ni is per- 
haps the best exanaplc. It is due to a deficiency in thtroid.. The 
can be counteracted — if not too prolonged — by the administi ation of itr- 
roid extract. The malady was supposed to be endemic in certain par's 
the world, and is believed to be due to insufficient iodine in the food. Shice 
in such localities only a small percentage of individuals arc cretins, tie 
question arises whether thev are genetically different from the^ other mem- 
bers of the community in the sense that they are more sensitive, or le.ss 
resistant, hence more easily affected by lack of iodine, or tvhether some 
environmental difference has caught a few individuals unprepared. 'I'he 
cretin is a physiological type accompanied by distinct psychological defi- 
ciencies. If, as stated to be the case, the mind may, after treatment, be- 
come normal, it follows either that the brain may develop to the normal 
stage after treatment, or that its functioning i.s restored with a sufficiency 
of thyroid secretion. 

It has become popular in recent jeais to classif> human beings, suppos- 
edly normal, according to the activitv of the glands of internal secretion. 
One extremist calls them the “glands of personality” and tries to recog- 
nize a thyroid type, a pituitary type, and an adrenal type, which recalls the 
old-fashioned division of mankind into bilious and lymphatic, nervous and 
sanguine temperaments. Other classifiers speak of the athletic, the asthen- 
ic, and the pyknic, and ascribe to them associated peculiarities of physique 
and temperament. These crude efforts lend themselves to literary extrav- 
agances. Scientifically their interest rests on the more or le.ss plausible 
assumption that the endocrines do play a role in the development of the 
individual and have some part in molding both physical characters and 
psychological traits. There are, however, several considerations that 
should make us pause before accepting this evidence at its face value. 
First, it is probable that some of the observed results are the outcome of 
the combined action of several or many endocrine and hormone factors. 
To presuppose that the classified types are due to the preponderance of 
one alone of these endocrines ignores the recognized compensatory prop- 
erties of these glands about which very little is known but enough to put 
us on our guard. Second, the effects are supposed to wax and wane in 
response to environmental influences that affect the glands in question. 
Here again we are ignorant as to how significant are the supposedly inher- 
ited differences in the functional activity of the glands, and how important 
are the secondary influences of the individual’s personal history. ^ Finally, 
practically nothing is accurately known as to the role of inheritance in 
transmitting supposedly different typos. It may be freely conceded that 
we may expect to find by further observation and experiment that tlurre 
are quantitative and qualitative differences in the glandular make-up of 
individuals and that these follow the same laws of inheritance us do ollx-r 
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bodily characters, but at present this anticipation furnishes a very insecure 
basis for the extravagances of popular writers on these topics. 

There are other human t^pes that are supposed to be inherited, but the 
evidence for which is unsatisfactory. There are individuals who are sub- 
normd in regard to their capacity to learn certain technical subjects or 
conventions that **normal” persons can be taught. The “deficient” types 
are sometimes collectively called feebleminded and sometimes classified as 
idiots, imbeciles, morons. There are no certain physical stigmata that 
characterize the imbecile or moron. Their mental development is vaguely 
compared with that of a child of 1-2, 3-7, 8-12 years old. It is not known 
whether there is only one defective type of this sort, or several, or many. 
If only one, and if it is recessive, it should give, when inbred, offspring like 
itself; but if there are different types, two imbeciles would give normal 
offspring in the first generation. If the condition is due to several genes, 
the expectation is more complex. The pedigrees are by no means consis- 
tent or convincing. There is more than a suspicion that in some cases the 
disorder is the result of syphilitic infection at or after birth, and possibly 
in other cases to infantile disease or infection, or to physical disorders of 
one or another kind. 

The same and other possibilities apply also to the higher “grades” of 
defectives. Under the circumstances one may hesitate before accepting 
some of the far-reaching programs for eliminating these defective strains 
from the human germ-plasm, especially when it is realized that these, to 
be effective in a reasonable time, entail celibacy on all the suspected kin. 

The same criticism may be made of the way in which criminality and 
other anti-social types have been handled as literary material for popular 
consumption. It is needless to point out perhaps that most of this sort of 
propaganda is at present outside the range of genetics even when carried 
on by students of genetics. 

There are a few pedigrees that seem to indicate that certain types of 
insanity are hereditary. One type, Huntington^s chorea, is probably the 
best authenticated case, both because it is a dominant trait and appears in 
each generation in individuals who have passed middle age, and also be- 
cause the disease is so rare that its reappearance in successive generations 
in the same stock could not be due to mere chance. But even here the 
diagnosis is sometimes uncertain, and the same criticism applies a fortiori 
to several of the other forms of insanity. In fact, in some cases at least, 
the type of outbreak or expression shown by individuals is so different 
that it is by no means certain that it is traceable to what is generally 
spoken of as an unstable heredity or neurotic basis. The latter expression 
Is obviously too vague to permit more than plausible guessing, which in 
the hands of enthusiasts is more likely to bring genetics into disrepute than 
it is to lead to an increase in human understanding. 

It is needless to go over the many other cases of human defective types 
that, on the basis of rather meager pedigree charts, are claimed as cases 
of heredity. Taken as a whole they are interesting and convincing to the 
extent that hereditary factors are probably responsible for many of the 
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defective and pathological structural characters found in the human races. 
In fact, all the books that deal with inheritance in man cannot fail to 
give the impression that nearly all of our definite information about human 
inheritance concerns malformations, diseases, mental detects, and tiivlijl 
characters of several sorts. When we look for the other side of the pictuie, 
the heredity of beneficial traits, we usually meet with moie eloquence 
than evidence. The difficulty here seems to be due paitly to the absence 
of any type that may be called the normal. Without a standard for com- 
parison the treatment becomes vague. Moreover, in human society as it 
exists at present it is not easy to decide that one physical type is better 
adapted than another, and, when it comes to deciding which emotional 
and intelligent types are better or worse, the situation becomes far too 
complex to handle with any probability of success. The socially ‘‘succcs- 
iul” individual may be moie a creature of his family influence and training 
and social opportunities than of any inherited psychical advantage over 
his fellows. 

Under the circumstances one resort has been to apply biometrical 
methods to these complicated pioblems. Francis Galton (1883, 1889, 
1892, 1897, 1901, 1905), in his famous studies on the heredity of human 
traits, initiated biologists into the statistical treatment of problems of 
heredity.^ His books on fiere/lifarv Ge/nus and on Natural hiheritarue 
are the recognized masterpieces in the literature of the subject. 

In originality, in broad-mindness, in moderation of statement, Galton’s 
work stands out above all others of his time. He recognized the limita- 
tions of his methods, and he saw far more clearly than others the com- 
plexities of the problems. His recognition of the significance of dis- 
continuous inheritance was far in advance of his time and an important 
step forward in the Darwinian field — or at least would have been so had 
not his statements been forgotten by his followers. Galton dealt with 
mixed populations and attempted by statistical treatment of the materials 
to deduce certain laws or principles of heredity. This method of approach 
has advantages when it is impossible to disentangle the many factors that 
enter into the result, but it may be misleading and admittedly fails to 
furnish the specific solution of the problem. 

According to Galton: ^‘The two parents between them contribute on 
the average one-half of each inherited faculty, each of them contributing 
one-quarter of it. The four grandparents contribute between them one- 
quarter, or each of them one-sixteenth, and so on — the sum of the series, 
l/2+l/4+l/8+i/16+etc. being equal to 13’ Pearson later gave slightly 
different values for the average contribution from each generation, and 
Yule formulated the law as follows: *^The mean character of the off- 
spring can be calculated with the more exactness, the more extensive our 
knowledge of the corresponding characters of the ancestry/’ When a 
complex character such as the height of a man supplies the raw data, the 


*QueteIet had earlier utilized such methods in the measurements of human 
stature. 
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results for each generation correspond approximately with the Galton 
formula. Today, in the light oi Johannsen s (1903) work on the ^izes 
and weights of beans, we get further insight into the relatioiib that lead 
to the expression of the kind of data that aie behind Gabon’s law. Popu- 
lations are sometimes mixed, that is, made up of individuals that have 
diflferent genes that affect the same chaiactei. Furtheimoie, the same 
character, size, for example, ma\- he also influenced by environmental 
factors that aie not inherited. In consequence, the expression of the 
character is only in pait determined by its genes — hence its measurements 
are not an exact index ot what the individual received fioin its parents 
or transmits to its iiitspring. The error ma\ be so great as entirely to 
vitiate conclusions that attempt to deduce from such data the funda- 
mental principles of heredity. In so far as the environmental factors are 
constant and cancel out in each geneiation, certain corielations between 
gcnciations ma\ be made manifest, but the exact laws of heredity that 
give such correlated results cannot be brought to light by this procedure. 
Selection in such a mixed population will in tiim^ soit out the genetically 
pure lines of which it is composed, d'he reversion toward mediociity, one 
of Gabon’s best-known contributions, finds a specific explanation in those 
relations that Johannsen’s work brings to light. 

An example will serve to illustrate the difference in the treatment of 
a specific case when Gabon’s and Mendel’s procedures are followed. Gal- 
ton collected data on the inheritance of eye color in man and formulated 
conclusions as to the inheritance of brown and blue eyes. He clearly 
recognized the discontinuity in the contrasted eye colors and compared it 
with the blended type of inheritance shown by stature. Students of Men- 
delian heredity have also reached conclusions fiom the same and from 
similar data on eye color. The Mendelian formula states that when a 
brown-eyed individual that has come from a brown- and blue-eyed parent 
is mated to a blue-eyed individual, half the offspring will be brown- and 
half blue-eyed. It furnishes an hypothesis as to why this numerical ratio 
holds, viz. : that the brown and blue elements in the hybrid parent separate 
in the hybrid, and half of the gcrm-cells contain one clement, half the 
other. The result does not depend on the number of brown-eyed ancestors 
behind one of the parents or the number of l)lue-eye(l ancestors of the 
other. Here we are dealing with a specific event for which a simple 
hypothesis suffices. Moreover, this hypothesis, when checked up in numer- 
ous ways, gives consistent results. 

If we attempt to handle the same situation by means of Gabon’s formula, 
it becomes obvious that it fails if applied to individual cases. For example, 
the blues extracted, in the case given above, breed true to blue. The fact 
that one parent had brown eyes does not enter into the result. It is 
' that Gabon’s law does not pretend to apply to single cases but states 
ithe statistical expectation for all the offspring in a mixed population 
V and blues. Nevertheless, if it is the laws of heredity that are 

for# b is clear that Mendel’s procedure is the more profitable course 
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The preceding statements arc not intended to iuiply that statistical 
methods of study are not of value to 2 ,enetics where the theory of prob- 
ability is involved, for even in Mcndelian studies certain problems cen be 
advantageously checked by recognized mathematical applications. 


Identical Twins 

The most convincing evidence of the far-reaching influence of heiedzly 
in man is derived from a study of identical twins. There are, as generally 
recognized, two kinds of human twins, fraternal twins and identical twins. 
Identical twins are always of the same sex, and, as the name implies, arc 
extremely alike in their physical traits. On the other hand, fraternal 
twins are no more alike physically than any other two children of the 
same parentage, even though born at the same time and reared under 
similar conditions. Fraternal twins (ordinary twins) may both be girls 
or both boys, or a boy and a girl. 

Twin births occur about once in a hundred times. This inclutles both 
identical and fraternal twins. Certain families produce a much higher 
percentage of twins, and this propensity seems to be transmitted both 
through the father and mother to later generations. 'Faking all twdns 
together, the exception on chance alone for like pairs of twins and for 
unlike pairs of twins would be 2*? or two twins of like sex 

to two of unlike sex. But, in fact, the actual numbers in one tabulation 
are234,497?9 1264,0989^^ : 219, or nearly 1:1:1. This means 
that the occurrence of identical twins is more frequent than gene tally 
supposed, since more twins of the same sex occur than chance alone calls 
for. It is estimated that about 1/4 to 1/5 of all twins must be identical 
to fulfill the requirements of these data. 

The resemblance of identical twins to each other extends to the most 
minute details of their physical make-up. This resemblance persists through- 
out life, even when the persons have lived apart and under different con- 
ditions. The resemblance is, of course, generally enhanced bv thessing 
the twins in the same way, but, while this may tend to hide any differences 
that they show, their similarity is entirely borne out by physical measure- 
ments. 

The two most significant characteristics of identical twins, their sex 
and their resemblance to each other, can be accounted for by the modern 
theory of heredity based on certain known facts about chromosomes. In 
man, as in other miammals and also in several other large groups, the 
female has two X chromosomes and the male one X. According to a 
few observers the male has also a Y chromosome; according to a few 
others there is no Y in the male. We are familiar in other animals with 
situations paralleling both of these conditions. The genetic relation would 
be the same as long as the presence of the Y chromosome does not inter- 
fere vrith the effects of genes carried by the X chromosome. In Drosoph- 
ila this holds, and, since in man the inheritance of the few sex-linked 
characters that are known shows no influence of the Y chromosome, we 
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may safely assume that if present it behaves as docs the Y in Drosophila, 

This mechanism insures approximately equal numbers of males and 
females; since each egg, after extrusion of the polar bodies, carries one 
X, it will, when fertilized by an X-bearing sperm, give rise to a female 
(XX), and, when fertilized by a Y-bearing sperm, to a male (X or XY). 
The important consideration, for present purposes, is that the sex of the 
individual is determined at the time of fertilization of the egg. If, then, 
identical twins come from a single egg fertilized by one sperm — the nor- 
mal rule — both individuals should always be of the same sex. 

There is circumstantial evidence that in man identical twins do come 
from one egg. It is known in many cases that identical twins are enclosed 
in a common embr5^onic envelope, the chorionic membrane. Frateinal 
twins are never so enclosed, but each has its separate chorion. There is 
corroborative evidence of another sort. In the South American armadillo, 
Azara reported on hearsay, and J. Hering in 1885 confirmed the fact, that 
all the young of one pregnancy are of the same sex. Fernandez (1909) 
and Newman and Patterson (1909) substantiated the essential facts, the 
latter for the North American species, and gave further evidence concerning 
the origin of these armadillo embryos. The latter especially have pub- 
lished conclusive evidence that all the embryos of one birth develop from 
a single egg. 

The explanation of the physical resemblance of twins rests on the 
following evidence: Two individuals derived from the same egg have the 
same chromosomes, and, since the chromosomes are the bearers of the 
hereditary characters, the two individuals should be alike except in so far 
as the environment affects these characters. The prenatal environment 
of man is the uterus, which for twins would seem to give as nearly homo- 
geneous surroundings as possible, but that its effects are of secondary im- 
portance is shown by the fact that fraternal twins may at# birth be physi- 
cally quite different. 

The environment of twins after birth may be similar, or, if they are 
separated, quite different, yet the fact that identical twins remain through- 
out life about as similar as at birth points to the overwhelming influence 
of the inheritance of physical traits. 

Why two embryos occasionally develop from a single fertile egg is not 
understood, even though by artificial treatment twinning can sometimes 
be brought about in other vertebrates. Several years ago it was supposed 
that an explanation had been found. In certain animals, sea-urchins, 
Amphioxus, salamanders, etc., two embryos can be produced from one 
egg by separating the two cells of the two-cell stage. The eggs of mam- 
mals divide into two parts. This stage has not been seen for the human 
ovum, but there can be no doubt that it follows the same course as do the 
eggs of other mammals. 

' Despite this experimental evidence it seems more probable that twin- 
ning in man may come about in the same way as it does in the armadillo, 
wh^re it has been definitely shown by Newman and Patterson that the 
doubling first appears later than the two-cell stage. In the armadillo 
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the primordium of the four embryos is laid down at four equidistant 
points of the young blastoderm. The cause of this duplication i*, as I 
have said, not known. It seems improbable that it is due to the partial 
separation of the first four cells, although this has not been disproved. 
Therefore, if a property of this sort, whatever its origin, exists In one 
mammal, it seems better, for the present at least, to refer the occasi(',nal 
human twinning to the same source. 

In other vertebrates also, in fish, reptiles, and birds, more than one 
embryo may begin to develop in a single egg. These are often united 
in various combinations — two heads, two heads and bodies, etc. In man, 
too, similar united embryos have been frequently reported. These are in 
all cases identical twins — diplopagi. Their occurrence is a further argu- 
ment for the view that separated identical twins come from a single egg. 

The chromosome mechanism also helps us to understand why fraternal 
twins are different from one another. Without going too much into 
detail, I may state that the explanation rests in part on the way in which 
the chromosomes are redistributed after they have paired at the ripening 
stage. The members of each pair are distributed at random to the daugh- 
ter cells at the maturation divisions of the germ-cells. Half of the chromo- 
somes have come from one parent and half from the other parent. If 
those from one parent carry different hereditary elements from those from 
the other parent, we can calculate how many combinations of chromo- 
somes are possible. 

Let us suppose that a species has only two chromosomes, one pair. Each 
mature egg and sperm gets one or the other. If one of them is different 
from the other in some hereditary unit, call one chromosome A, the other 

then each ripe germ-cell (each egg and each sperm) will contain one or 
the other, and when they are recombined again at fertilization in Fo there 
will be three kinds of recombinations, or A in the ratio of 
1 : 2 : 1 . 

In a species with two pairs or four chromosomes (each pair having one 
or more differences), there will be nine classes. 

Man has 48 chromosomes, which gives 282,429,536,481 possible kinds 
of individuals on the assumption that there are differences in the units 
of each pair. This is not a very improbable assumption since man is a 
most extraordinary mixture of many kinds of characters. 

The chances, then, of anv two individuals^ (coming from different eggs 
and sperms) being identical would be more than one in a billion. Of 
course, there would actually be many individuals more or less alike for 
a large number of hereditary units, and this fits in with what we see in 
our fellow-men — some of them do look alike even when they have a 
different parentage. Moreover, in general, we should expect on the aver- 
age that members of the same family would more often resemble each 
other than they do other groups, and this too is true. 

If, then, as a result of free assortment, the number of different kinds of 
human beings is very large, the number may be very much larger if cross- 
ing over takes place between members of the same pair of chromosomes. 
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Crossing over is known to occur in other nnimals and in plants. In the 
female Drosophila it occurs in about 57% of the gametes for the sex chro- 
mosome, and considerably more for the two other large pairs. In man there 
are no certain cases of interchanges of this kind, but this probably means 
that as yet there are no recorded cases where two pairs of characters are 
known to be in the same linkage group. Our lack of information is due 
partly to the relatively small number of cases in man where the inheritance 
is definitely known, and partly to the large numbei of chiomosomes re- 
sulting in the dispersion of human characters amongst them. Further- 
more, the number of offspring from a pair is generally too small to give 
sufficient in foimation and, as stated before, the diagnosis is often too un- 
certain w'hen more than single matings are brought together. 

The question is often asked why, if unit characters are discontinuous 
in inheritance, we do not easily recognize such characters in man, the details 
of whose physiognomy and bodily structure serve as the basis for our 
ability to distinguish individuals from each other. There are many rea- 
sons why we cannot often pick out such characters, A number of mutant 
characters arc known to overlap the “normal” and may grade by invisible 
degrees into each other in their expression, even though the genes seg- 
regate as cleanly as in nioie typical cases. The hybrid form or hetero- 
zygous character is in many cases intermediate between the dominant and 
recessive characteis and may overlap one or the other. Specific modifiers 
may increase the difficulty. It frequently happens that many factors affect 
the same organ, and until they can be isolated and studied apart their 
presence obscures the results. In other animals and plants they can be 
isolated by suitable matings, but in man this has not been feasible. Again, 
the same genes may occur in several forms (allelomorphs), each one pro- 
ducing a slightly different effect and any two of them combined, an inter- 
mediate effect. Until they are isolated by suitable tests, the identification 
of the corresponding characters is difficult. It has been suggested that 
the difference in the brown hair of man is such a case. It requires, then, 
in most casCvS of mixed material, more information than we now possess 
for human traits to discover the unit characters. This kind of work can 
better be done on forms whose breeding is under experimental control. 

The Role op Nature and Nurture in Human Behavior 

Confronted with the evidence from identical twins shovdng that hered- 
ity controls the physical characters of man down to the most minute 
details, the student of psychological human traits may ask to what extent 
this conclusion applies to his problems. We face the fact that man is 
almost unique amonpt animals in his extraordinary ability to learn* His 
molpqged childhood gives an opportunity to impress upon him the particu- 
isitt ^^ciations to which he has been subjected. Arc these extraneous 
inSd^ces powerful enough to submerge whatever differences may be in- 
h^irited by each individual? The difficulties of reaching a decision are 
at' pirb.ent . almost insuperable. There are students of heredity— extrem- 
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ists — who insist that all diftcrences in behavior aie due to inheritance i.e., 
to the kind of reaction system that the genetic constitution supplies. 
There are others who are equally positive that oui behiuioi is due 
entirely, or almost so, to our upbringing — the en\iioninnit^ oi the 
child, i.e., his early experiences, his training, education, or his imitatne 
capacities. Most psychologists, I suppose, and certainly nu)st uenetinst^ 
who have given serious thought to this situation will stand somewheie 
between these extremes. 

The older procedure of assigning innate individual psychological differ- 
ences to constitutional backgrounds, in the sense of being inborn, has 
been seriously questioned. The inspirational source of such a point of 
view does not recommend itself as a scientific method of getting reliable 
data. The wide differences of opinion, for example, as to how many “in- 
stincts’’ are common to all human beings — not to mention individual 
variants of these — has not led to a satisfactory outcome and has raised the 
question as to whether this is not clever dialectic rather than modern 
science. 

The position taken by extremists on the other side, of whom Watson is 
perhaps the outstanding example, has also raised doubts and questions 
in the minds of the students of heredity. The experimental approach that 
Watson insists upon makes a strong appeal as a procedure that will help 
to some extent to determine how much is due to individual training. The 
further question as to what extent the evidence relating to physical indi- 
vidual differences supports or does not support the contention that, to the 
same degree, individual differences in human behavior have the same innate 
or inherited or congenital background remains unanswered. The problem 
is difficult for two reasons : first, because crucial evidence is almost entirely 
lacking; and, second, because there is sufficient evidence, I think, to 
show that many traits of human ' conduct are aciiuired only through asso- 
ciation. The point at issue is, then, even if constitutional differences are 
admitted, whether and how far they may be completely modified by the 
establishment of associations, conditioned reflexes, etc., in early life. 

The discussion of the problem is full of pitfalls and there is the widest 
possible divergence of predilections and prejudices that make an independent 
attitude well-nigh impossible. One approach is through a consideration 
of the influence of those hereditary physical differences that seem to have 
a significant influence on the behavior of the individual. For example, 
the effects of internal secretions are generally conceded to be a case in 
point. As already stated, their excessive presence or absence at any time 
may be a factor in the kind of reactions shown by the individual that may 
become thereby reinforced and later habitual. If there are inherited 
differences in the glands that produce these hormones, it may be argued 
that there are corresponding psychological patterns of reaction. But 
until it can be shown — cleaving aside pathological cases — that there are 
such differences, and until it can be shown that the types of behavior of 
normal individuals that have been referred to these differences are not 
really due to earlier associations, the argument hangs in the air. 
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There is another related question that should not be forgotten. Most 
individuals meet in the course of their lives a vast number of situations 
to which they react. It is, in my opinion, premature to assume that the 
associations formed in babyhood may not be changed or completely re- 
versed later, and, if so, an entirely new set of reactions established for 
the time being. If this can take place, it does not seem unlikely that the 
type of reaction existing at any one time will often be the one that has 
been along the line of least resistance, which might be assumed to be the 
one to which the physical type most easily adjusts itself. 

How far the general physique (tall or broad, fat or thin, etc.) of the 
individual is an important factor in determining his set of psychological 
reactions is presumably a question for psychologists to discuss. From the 
genetic point of view there can be little doubt but that most of these 
bodily differences arc inherited. Granted that physique furnishes an ele- 
ment of behavior, it remains to be proved that in the long run the adjust- 
ments of the individual will be along the line of reaction correlated with 
physique, rather than with very early associations or with predominating 
social influences in later life. Everyone is familiar with men of very 
different physique living outwardly the same kinds of lives in general. 
Even if social restraint is admitted as the most outstanding explanation 
of the result, it does not follow that there may still not have been inherited 
differences that have been submerged. It is also conceivable in a race pre- 
dominatingly of a given physical type that the social system followed 
may in time come to have an intimate relation to the physical type in cer- 
tain economic or climatic environments. All these possibilities have been 
at one time or another exploited by writers of all shades of opinion and 
have furnished the would-be well-wishers of science with material for 
popular exposition. 

The occurrence of identical twins has supplied the biologists with 
materials that convincingly establish the far-reaching effects of physical 
inheritance in man. Cytology has made clear why identical twins re- 
semble each other and why fraternal twins differ from each other. Iden- 
tical twins, if studied experimentally, should be expected to supply excellent 
material to test the significance in behavior of hereditary psychic factors. 
Galton was amongst the first to take advantage of this opportunity. He 
records in bis Inquiries into Human Faculty (1883) that through a ques- 
tionnaire he had about eighty returns of cases of close similarity. He gives 
many interesting anecdotes about the similarities in the traits of some of 
the identical twins, but, since in most cases the twins were for several 
years reared together, this kind of evidence is inconclusive* Nevertheless, 
taken as a whole, it cannot fail to leave the impression that the similarities 
in some at least of the psychic differences are not due to the environment, 
for, when comiparison with fraternal twins is made, no such close resem- 
blance is found. Galton’s comment on his evidence is interesting: 

The last point to which I shall allude regards the tastes and dis- 
positions of the thirty-flve pairs of twins. In sixteen cases— that is, 
in nearly dne-half of them — these were described as closely similar; 
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in the leraainmg nineteen they weie much alike, bia subject to 
ceitain named differences. These differences beloiigeu almost wholly 
to such groups of qualities as these: The one was the moie vigor- 
ous, fearless, energetic; the other was gentle, clinging and timid; 
or the one was raoie aident, the other more calm and placid; or 
again, the one was the more independent, oiiginai and self-contained, 
the other the moie generous, hasty and vivacious. In short, the 
diffeience was that of intensity or eneigy in one or other oi its 
piotean forms; it did not extend more deeply into the structure of 
the chaiacteis. The more vivacious might be subdued by ill-health, 
until he assumed the character of the other; or the latter might he 
raised by excellent health to that of the foimer. The difference was 
in the kejnote, not in the melody. 

Galton ajso comments on the late histories of the twins that had been 
'^closely similar” up to their early manhood and womanhood. In some 
cases the resemblance in “body and mind” had continued unaltered up to 
old age notwithstanding very different conditions of life. In other cases 
the parents ascribed such discontinxiity as was found to some form of ill- 
ness. 

In not a single instance have I met with a woid about the grow- 
ing disslmihuity being due to the action of the firm free will of 
one or both of the twins, which had tiiumphed over natural tenden- 
cies; and yet a large piopoition of my <‘Oi i espondents happen to 
be clergymen, whose bent of mind is opposed, as I feel assuied from 
the lone of thcii letters, to a neccssituiian view of life 

HivS general summing up is; 

We may, therefoie, broadly conclude that the only ciicuinstnnce, 
within the range of those liy which persons of similar conditions of 
life are affected, that is capable of producing a marked effect on 
the character of adults, is illness oi some accident which causes 
physical infirmity. The twins who closely resembled each other 
in childhood and early youth, and weie reaied under not very tlis- 
similar conditions, either grow unlike thiough the development of 
natuial characteristics which had lain doniiant at first, or else they 
continue their lives, keeping time like two watches, hardly to be 
thrown out of accord except hv some physical jar. Nature is far 
stronger than Nurture within the limited range that I have been 
careful to assign to the latter. 

A recent and more detailed study of the psychological traits of a pair 
of identical twins has been made by Muller (1925). The babies had 
been separated when two weeks old, and did not see each other until they 
were eighteen, and afterwards only occasionally. They were thirty years 
old when the tests were made. Two intelligence tests were used, the Army 
Alpha Test and the Otis Advanced Intelligence Test. The total scores 
were almost identical, indicating superior intelligence. On the other hand, 
when other methods were used that are supposed to test “volitional traits,” 
the results w^'cre different, and show, Muller thinks, the influence of the 
training or experience that each twin had undergone. Muller concludes 
that most sections of the^ intelligence tests show a high correlation with 
the genetic basis of intelligence so far established “when they arc applied 
to individuals brought up in the same general territory and social class,” 
which is the case with these twins. If there were no such genetic basis, 
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the chance for these twins to have been so much alike would be less than 
1 in 200. In regard to the non-intelligence tests, the evidence is in the 
opposite direction and may indicate differences in past experience, or the 
tests may be inadequate for the put pose of finding genetic similarities 
Newman (1920) has mote lecently examined several identical twins 
reared apart, using several ps\chological tests. In one case he found 
that the mental traits differed more than the emotional traits, which is 
the reverse relation of that found in A fullers case. In another case, the 
twins, separated at one and one-half years of age and living apart for 
nineteen years, were brought up under very different educational condi- 
tions, but the othei environments were not very dissimilar. '*In every 
test of mental capacity, whethei of so-called native ability or of achieve- 
ment, G., the moic highly educated twin has distinctly the superior 
mind.'’ In contrast to this, the twins were unusually similar in all the 
tests of emotional tiaits In a third case, the boys, separated at the age 
of two months, did not meet until they were twenty- two years old. One 
(C) had lived in a city environment; the other (O), rural or small 
town. Both graduated fioni high school. In mental ability they were 
nearly identical; in educational achievement the hoy educated in the 
largei towm ranked higher. I'heir ‘^personalities,” however, were (juite 
different. One (C) was more rcscived, self-centered, experienced, and 
less friendly; the other (O) was more temperamental and emotional. 
More recently, Hirsch (1930) has brought together most of the litera- 
ture of recent years relating to twins and reported on a number of new 
cases in which physical and mental measurements w^ere made. Thcie 
is little in these cases that is not covered by the more thoroughly exam- 
ined cases given above. 


Conclusions 

If the evidence discussed in the preceding review makes it seem probable 
that the doctrine of the inheritance of acquired characters gives no secure 
basis on which to biing about an intimate alliance between zoology and 
psychology, and if the statistical method developed by Galton and the 
Pearson school of biometricians, when applied to mixed populations, fails 
to give us the specific information that MendePs principles supply, genetics 
may still have other bearings on the study of human psychology. 

The psychological problems are immeasurably complicated by the fact 
that human behavior is influenced to a great extent by associations, con- 
ditioned reflexes, and experiences in general that the social environment 
of man effects from babyhood through all the formative periods of man’s 
life. Until more definite information is obtainable concerning mental 
traits and emotional reactions, some of us remain extremely skeptical of 
crtaid^ and often forced attempts that have been made so far to deter- 
yrhtt is inherited and what is acquired after birth, 
i; of the facts of Mendelian heredity relating to plants and 

is known of human heredity leaves no doubt, as far 
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as ph 3 ^sical characteis aie involved, that the same /tiles applj' to both. 
The extraordinan^ physical resemblance of identical twins to each other 
establishes on the soundest basis the fact that heredity pla^’^s an all-important 
role in the inheritance of structural characters. But it is extremely hazard- 
ous to carry o\er this inference to the psychic character of man where there 
is no certainty as to what extent his behavior is determined by heiedity 
and by environment. Until suitable methods have been applied that are 
discriminative, conclusions will be largely a question of personal opinion 
or conviction. It need scarcely be urged again that identical tv^'ins under 
controlled conditions may supply much of the needed information. 
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CHAPTER 3 


THE MECHANISM OF REACTION 

Alexander Forbes 

Harvard Medical School 

In attacking the problem of the mechanism of reaction one naturally 
seeks to interpret the fundamental activities which constitute the basis of 
behavior in terms of physical law. The scientist should not be complacent f 
in the assumption that all laws of matter, animate or inanimate, are known.j ‘ 
But the hasty assumption that vital phenomena, which do not appear to 
exemplify the known laws of matter are not subject t o physical law tcnds ^ 
to confuse and obstruct progress. The law of the conservation of energy 
is no more violated by living matter than by other material systems. Those 
vital phenomena which baffle our attempts at explanation in terms of physi- 
cal law should be regarded as complexities as yet unraveled, rather than 
as evidence that physical law does not apply to living things. As the 
marvels of physiology are elucidated by research, they show not so much 
new laws of life, breaking away from physics and chemistry, as examples of 
the ingenuity with which the physical laws and physical properties of 
matter have been utilized in the process of evolution. 

NeUEOMXJSCULAR EvOtUTION 

A study of the mechanism of reaction can perhaps best be approached 
through a consideration of the development and specialization of function 
in the neuromuscular system in the course of evolution. The protozoa 
are animals in which all the functions essential to life exist in a single^- 
cell. The ameba, for example, is capable of digestion and assimilation of 
food, respiration, metabolism, excitation, conduction, motion, and repro- 
duction. All these functions are performed by the single cell which con- 
stitutes the animal. In the present discussion we are concerned with the 
functions of excitability, conductivity, and motility, which, taken^ together 
and supplemented by secretion and certain other types of energy liberation, 
comprise the physical basis of reaction. Excit ability may be defin ed as the 
capacity for responding with functional activity ^ changes in environmen ty 
Conductivity means the capacity to transmit u runctionally active state 
from one part of the living substance to another. Motility is exemplified 
in the ameba by the formation of pseudopodia and the flowing of cyto- 
plasm from place to place; in ciliated protozoa and in ciliated epithelium 
of higher forms, by the beating of slender and flexible alia; and in the 
major activities of all the animals higher in the scale than protozoa, by 
contraction of muscle. 

The protozoa, having all necessary functions lodged in a single cell, are 
self-contained and complete in a very small compass, but their responses arc 
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'/^ereotyped and only slightly adaptable to altered conditions. Their range 
of activities is thus extremely limited. Jennings (1899) has shown that the 
ciliate protozoan paiamecium reacts to mechanical and chemical stimuli 
by the uniform response of reversing temporarily the beat of the cilia in 
such a manner that the animal backs a short distance, changes course, and 
proceeds again forward. This single response serves well enough to enable 
the Paramecium to avoid obstacles and dangers in its path, but when the 
experimenter places a drop of strong acid behind the animal this same re- 
sponse causes it to back into the injurious substance and perish. 

With the aggregation of cells into the large coordinated groups which 
constitute the bodies of higher animals, we find the needs of the organism 
served by the specialization of the functions of excitability, conductivity, 
and contractility in tissues differentiated for the purpose. Coordination is 
served by the mechanical arrangement of the body, as in the operation of 
the tube-feet of the wStarfish by means of the water-vascular system, or, 
more familiarly, in the action of the bones and joints of the vertebrate. 
Coordination is also effected by the production of special substances by 
glands and their distribution through the circulation. These two types of 
coordination will not be considered in detail here, for in this discussion the 
emphasis will be placed on coordination by the neuromuscular mechanism. 

Conductivity and excitability are intimately related, for conduction 
involves excitation of each successive region which becomes functionally 
active. Yet we find in the fully developed nervous system a differential 
development of excitability and conductivity; that is, some structures 
are differentiated for the purpose of receiving stimuli, while others are 
differentiated for conduction. 

The early steps in the evolution of the differentiated neuromuscular 
mechanism have been admirably sketched by Parker (1919). His obser- 
vations on sponges have led him to the conclusion that the first step 
toward a neuromuscular mechanism is the specialization of the contractile 
function in muscle. The sponge is an animal with primitive muscle cells 
but with no trace of nerves. The function of the muscles is to close 
certain openings through which a current of water passes. They can be 
called into action by a variety of stimuli, but their response to these stimuli 
is always very sluggish. 

In the sea-anemone (a coelentrate) there are sensory cells in the in- 
tegument, leading by slender nervous branches to the muscle cells (Figure 
1), marking the first stage in the evolution of a nervous system. This 
animal possesses a quicker and more effective type of response. Yet the 
nervous processes of these sensory cells are very short, and, although the 
nerve net formed by them and the ganglionic cells renders nervous trans- 
mission possible from almost any part of the sea-anemone to almost any 
, other part, the coordination is chiefly local. This is illustrated by the fact 
that a tentacle, when removed from the animal and held in sea water, gives 
, exactly the same kind of response to the stimulus of food that it did 

, -beibte removal from the animal. The nervous system, consisting of in- 
httmerable cells distributed throughout the integument, each connected 
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FIGURE 1 

Diaorvm 1\) 1llustr\tk hie E\ri.y Stages in the nd?FERENTrATiON of the 

N EUROM USCULAR MECHANISM ^ ^ 

A, epithelial stage; Rj differentiated muscle cell at stage of sponge; C, partially 
differentiated neive cell in pioximity to fully differentiated muscle cell; D, nerve 
and muscle cell of coclenteiate stage. 

(From G. H. Parker’s *The Origin and Significance of the Primitive Nervous 
System,” Prot, Amer. Phil, Soc.^ 1911.) 


only with its neighbors by short processes, is not characterized by any one 
dominant center. Summing up the structural features and the evidence 
from experiments on the aniraaFs behavior, Parker (1914) concludes: 
“The nervous system in the sea-anemone is diffuse rather than centralized/^ 
Parker (1914) has summarized this evolutionary sequence as follows: 

Muscle arose first and the simple effecton^ thus produced were 
the first element of the neuromuscular mechanism. These effectors 
were directly stimulated and consequently slow in action. They 
afforded centers around which nervous tissues first differentiated in 
the form of sense organs or receptors^ whose function it was to 
serve as triggers to initiate muscle action quickly. As these receptors 
became more highly developed, a third clement, the central nervous 
organ, rose from the nervous elements between the receptor and 
the effector. This organ, the adjustor,^ served as a means of con- 
ducting and modifying the sensory impulses on their way from the 
receptor to the effector and ultimately it^ also served as a storehouse 
for the nervoihs experience of the individual and as the seat of its 
intellectual life. 

The next important step above the coelenterates appears in the worm. 
In the earthworm we find at the anterior end a centralized brain. This is 
connected with the skin by sensory nerve fibers and with the muscles by 
motor nerve fibers. Within the brain are the so-called^ association or 
internuncial neurons, nerve cells which often form connecting links in the 
conduction path between the sensory and the motor nerve fibers. Three 
salient steps have been made from the stage of the sea-anemone. The 
nerve fibers or conducting processes of the nerve cells have become 


^Italics ours. 
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very much longer, thus providing the mechanism for rapid coordination 
between different parts. Motor neuions h?u^e evolved, that is, nerve 
cells whose function it is to conduct impulses to the muscles. A centraliza- 
tion of control has occurred; the cential end of the sensory fibers, the as- 
sociation neurons, and the points of oiigin of the motor neurons being 
|grouped together in a brain. 

Correlated with this development we find in the behavior of the animal 



FIGURE 2 

1. Stacjks jn the Dikfkrentiatioh f)K Sense Chlih 
sensory i)rotoneurou from a coelenterate ; B, sensory neuron from a moi- 
lusk; Cf primary sensory neuron from a vertebrate. In each instance the periph- 
eral end of the cell is toward the left, the central toward the right. 

Z, Stacies in the DiKi'EREN'nArioN ok Nerve Ceu.s 
4, protoneuron from the nerve net of a coelenterate; R, motor neuron of 
earthworm; primary motor neuron of a vertebrate. In B and C the re- 
ceptive end of the neuron is toward the left, the discharging end toward the 

right 

(Prom G. H. Parker's The BUrnentary Nervous System^ 1919, by permission of 
the publishers, J. B. Lippincott Co., Philadelphia.) 
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an increased efficiency of coordination. **The earthworm responds to a 
large range of stimuli by appropriate and characteristic reactions, and its 
movements justify the conclusion that its reflex arcs, like those of higher 
animals, involve receptors, an adjustor, and effectors.’’ Evidence is cited 
suggesting that the behavior of the earthworm may be modified by ex- 
perience (Parker, 1914). 

Parker points out that the three classes of nervous cells which occur in 
man are also represented in the earthworm. Thus the fundamental plan 
upon which the central nervous system of higher animals is organized is 
already laid down in an elementary form in the worm. Of course, the 
steps are many and important by which the nervous system is brought 
from the crude stage of the worm to that which makes possible the dom- 
inating intelligence of man, but perhaps the most important single element 
in the development is the increase in the number of association neurons. 
As Stiles (1924) has put it: “With the addition of intermediate links be- 
tween the receptor and the effector departments the reaction becomes less 
and less predictable . . . more and more . . . subject to reinforcement, 
suppression, or modification under the influence of changing circumstances.” 

Although the basic plan of neuiomubcular organization, common to all 
higher forms, is already present in the eaxthworm, further development 
includes not only vast changes in the number of neurons and in the com- 
plexity of their arrangement, but also significant changes in the forms of 
the individual neurons. Parker gives a synopsis of the more salient 
changes, noting that in the evolving sensory neuron the cell body migrates 
from the peripheral to the central end of the conducting path, and in the 
motor neuron the cell body migrates toward the receptive end of the 
structure (Figure 2). Thus in each case the cell body comes to occupy <a 
central and therefore protected position in the body of the animal. Cor- 
1 related with these changes is anothei of special significance : instead of the 
[primitive nerve net, in which there is continuity between the conducting 
fibers of adjacent cells, the neurons make junction with one another at 
synapses at which there is believed to be contact but no protoplasmic con- 
tinuity, and which are capable of conduction in only one direction. The 
typical vertebrate neuron, exemplified by the motor neurons of the spinal 
cord and most of the internuncial neurons of the central nervous system, 
consists of a nucleated cell body with short, finely branching processes 
called dendrites, and a longer process, the axon, which conducts the im- 
pulses to the next neuron, or, in the case of motor neurons, to the muscle. 
At the end of the axon are branches which, in the case of sensory and inter- 
nuncial neurons, connect with the dendrites or cell body of another neuron. 

We arrive, then, at the general plan of neuromuscular organization . 
found in the vertebrates, including man. The'liefvous system, embfyologi- "" 
Vcally of ectodermal origin, is made up entirely of neurons, histologically 
distinct units, linking the receptors and effectors. The simplest type of 
vertebrate reflex arc, providing for response to an external stimulus, is 
shown in Figure 3, which illustrates the arrangement of the neurons and 
their central and peripheral connections. External stimuli in some in- 
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Diagrammatic Section through Spinal Cord and a Spinal Nerve To 
Illustrate the Three Main Classes of Neurons in situ 
A receptive neuron is shown in the dorsal root, a motoi neuron in the ven- 
tral, and internuncial neurons in the cord itself (/» and o). 

(From S. W. Ranson^s Anatomy of the Nervous System, 1920, by permission of 
the publishers, W. B, Saunders Co., Philadelphia.) 

'stances act on free nerve endings at the peripheral ends of the sensory 
neurons; in other instances these endings are connected with specialized 
sensory cells. In either case this portion of the reflex mechanism is termed 
the receptor. The working of the reflex arc is described by Parker ( 1919) 
as follows: 

i The receptors are connected by nerve-fibers with the central 

nervous organ or adjustor composed of the central ends of the sensory 
and the motor neurones and of the internuncial neurones. Here the 
impulses arriving from the receptors are directed toward the appro- 
priate groups of muscles by which the animal may respond to the 
stimulus and, if the animal is highly organized, impressions are made 
upon the adjustor which, as memories, may become more or less per- 
manent parts of the animal’s nervous equipment. Finally the ad- 
justors are connected by nerve-fibers with the third set of elements, the 
effectors, which as muscles, electric oigans, glands, etc., enable the 
Y animal to react on the environment. Thus three physiological cate- 
Igories are to be dislinquished which in the order of their sequence 
tin action aie sense organs or receptors, central nervous organs or 
jadjustors, and muscles or other effectors. 

Not only is this general plan common to all the vertebrates but so also 
are many of the anatomical details of the grouping and arrangement of the 
neurons. In man, as in all other vertebrates, we find sensory neurons 
connecting all points of the integument and all the organs of special sense 
with the centers in the spinal cord and brain. The spinal cord is that 
portion of the central axis of the nervous system which lies outside of the 
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cranium, or brain ca'^e. All the sensoiy neurnn^ lecvhlr,'^ i npulseb fiom 
the limbs, from the intep;ument of the trunk, and fiom most oi the mieinal 
viscera enter the spinal cord in scomentally ai ranged ban^Ues kno\in as 

dorsal loots. , . „ 

The spinal cord is composed of white matter consisting of none 
and gray mattei consisting of neive cells and the teiminal braiaJics thn^ugh 
which the neurons make connection with each other. The gray matter 
comprises the local nerve centers or adjustors which exercise immediate 
control over the activity of the muscles of the limbs and tmnk. 

The brain is structurally a continuation of the spinal cord. Histologi- 
cally it is similar in that it is made up of white matter, consisting of axons 
(conducting paths), and giay matter consisting of cell bodies, dendrites, 
and terminal branches. In the lower vertebrates (e.g., fishes) the brain 
is a comparatively small enlargement at the anterior end of the spinal cord. 
As we ascend in the phylogenetic scale it becomes larger, till in man it is 
many times the size of the cord. This increase in relative size of the brain 
is clearly correlated with intelligence and complexity of behavior. The 
anatomy of the brain in man is extremely complex, and the millions of 
neurons of which it is composed vary greatly in size, sl^ape, and arrange- 
ment, but they all possess the fundamental structures — dendrite, cell 
body,' and axon (or “neurite”), and they all fall into the three categories 
already named — sensory, internuncial, and motor. 

Besides the central nervous system, comprising brain and spinal cord, 
vertebrates possess an autonomic nervous system consisting of outlving 
neurons whose cell bodies are grouped in ganglia more oi less remf)tc from 
the brain and spinal cord, but connected with these central structures by 
neurons arising in the latter. This system is sometimes called the vegeta- 
tive system, as its function is the regulation of the activities of the digestive 
tract, the smooth muscles of the circulatoiy system, glands, and other 
viscera not subject to voluntary control nor participating directly in the 
immediate reactions to the environment in the manner characteristic of the 
skeletal muscles. 

There is also present in the digestive tract of vertebrates a nerve net 
resembling the primitive nervous system of the coelenterate. This nerve 
net, in contrast with the central nervous system, is devoid of synapses. 
Thus in the higher forms we find in conjunction with some smooth-muscle 
cells, resembling as they do the muscle cells of sponges and coelenterates, a 
primitive nervous system which has survived almost unchanged through 
the course of evolution. Its extent, however, is insignificant compared with 
the synaptic nervous system which, in the higher forms, has assumed the 
dominant role. 

It is important to note that, though all parts of the vertebrate body are 
coordinated by the nervous system, the conducting paths lead to or from 
the centers in the spinal cord or brain, never directly from organ to organ. 
Exceptions to this general rule are found in certain ‘*axon reflexes,'^ in 
which the blood vessels are controlled by impulses starting centripctally in 
one branch of a peripheral neuron and passing centrifugally from the point 
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of branching to an effector innervated by the adjacent branch, without 
traversing a synapse. 


Effectors 

The effectors at the disposal of the animal kingdom are of several kinds. 
There are nettling cells in coelenterates. There are cilia, slender processes 
which beat like the limb of a swimming animal. Cilia are found in proto- 
zoa, in which they serve the purpose of locomotion. They are found in 
the tentacles of many aquatic animals from coelenterates to polyzoa; they 
are found on epithelial sui faces of metazoa from coelenterates to mammals; 
in these cases they serve to move the surrounding fluid. There are chro- 
matophores or pigment-bearing cells, capable of contracting and expanding 
and thus altering the appearance of the integument which contains them. 
These are found mostly in vertebrates. There are glands composed of 
cells which produce various substances, deriving the constituents from the 
body fluids or the blood stream. These include sweat glands, digestive 
glands, endocrine glands which pour their secretions into the blood stream, 
and glands producing such special secretions as the sepia whereby the 
squid makes a sort of aquatic smoke screen to confuse its adversaries. 
Glandular function is found in all classes of animals from protozoa to man. 
There are luminous organs in various forms beginning near the bottom of 
the animal scale and appearing as high in the scale as fishes. There are 
electric organs in certain fishes, specialized for the purpose of giving elec- 
tric shocks to hostile creatures. Finally, there are muscles, which by con- 
tracting serve the purpose of motilit5L As we have seen, they are first 
specialized in sponges, and they constitute the most widespread type of ef- 
fector in all classes of metazoa. In the vertebrates muscles are of two 
main types — smooth and striated. The smooth muscles are the more 
primitive type, resembling the muscles of the sponge and the sea-anemone ; 
their contraction is slow and usually of comparatively sustained character. 
They are found chiefly in the walls of the blood vessels and the hollow 
viscera. Striated muscle is specialized for rapid contraction. It moves the 
limbs, trunk, neck, jaws, tongue, larynx, and eyes. Because of its attach- 
ment to bony structures it is designated skeletal muscle. It serves the pur- 
pose of locomotion and all manner of other activities. It is normally 
classified as “voluntaiy.” The heart muscle, though striated, is not sub- 
ject to voluntary control and is physiologically intermediate in character 
between smooth muscle and skeletal muscle. 

Of the above-named types of effector, the nettling organs are indepen- 
dent of the nervous system, being called into functional activity by the 
direct action of external stimuli. Cilia are usually independent effectors 
but in some cases are under nervous control. Chromatophorcs, glands, 
luminous organs, and muscles are in some cases under nervous control and 
in some cases nbt. Electric organs, which morphologically are akin to 
muscles, are always under nervous control. 
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Conduction 

In considering the nature of the functional e\'o1ution \ihich has enabled 
the neuiomuscuiar mechanism to peiform its intricate task, ere shall deal 
first with conduction, for though, according to Parker, the specializalion of 
muscle for the purpose of conti action pieceded the specializatif n of nerve 
for conduction, protoplasmic conduction is the more fundamental property 
and is common to both muscle and nerve. 

When the motor nerve of a vertebrate is stimulated, no visible change 
appears in the nerve itself, but the innervated muscle promptly responds by 
a vigorous contraction. An invisible disturbance has been propagated along 
the nerve fibers at a much higher speed than the conducted distui banco in 
undifferentiated protoplasm, such as that of epithelial cells and protozoa. 
The nerve fiber is higlily specialized for the puipose of lapid and efficient 
conduction — up to 100 meters a second in mammalkin motor nerves. 

Excitation. Despite the obvious differences between nerve and muscle, 
both as to structure and function, the fundamental nature of their mode 
of excitation and conduction has many important features common to both 
tissues. Both nerve and muscle may be excited by various classes of stimuli, 
mechanical, thermal, chemical, and elect lical. Hieie is reason to believe 
that the essential element in all forms of stimuli is an electric disturbance. 
The study of electrical excitation of ncive and muscle has thrown a great 
deal of light on the nature of ihcir functional activity. The reseaiches of 
Nernst (1899, 1908), Lapicque (1926), Lucas (1910), and Hill (1910) 
have included quantitative measurements upon the relation between in- 
tensity and duration of a current sufficing to excite a given tissue, ^i'hese 
researches have revealed the fact that when an electric current is passed 
through a portion of a nerve oi muscle fiber a local change occurs whicli 
is limited to the legion through which the current flows. If this local 
change does not attain a certain critical intensitv, it pioduccs no lemote 
effects whatever; if it is made sufficiently intense, however, it will set up 
a disturbance which is conducted away from the point of stimulation over 
the entire length of the fiber. T'he ‘local excitatory process,^' as it was 
designated by Adrian and Lucas (1912), persists lor a time after the 
stimulating current has ceased to flow', and its rate of subsidence is char- 
acteristic of each tissue. 

The prevailing interpretation of experiments on this subject is that the 
local excitatory process consists in a concentration of ions at some point 
in the tissue. Only when this concentration reaches a certain requisite 
value docs a propagated disturbance sweep over the fiber. In spite of 
quantitative differences between nerve and muscle, especially as to time 
relations, the curves correlating the requisite intensity of the exciting cur- 
rent with its duration have the same shape. The basic principle of elec- 
trical excitation is clearly the same for both tissues. A typical curve is 
shown in Figure 4. It will be noted that the curve ceases at a certain point 
to approach the base line, and is thereafter horizontal* This means that, 
up to a certain point, increasing the duration decreases the strength of cur- 
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FIGURE 4 

Typical Curve Correlating Duration with Strength of a Constant Current 
Which Barely Suffices To Excitl 

Abscissae, duration; ordinates, stiength of current. r==rheobase f==chronaxie. 
(Taken from observations by Lucas on sartorius muscle of toad in K Lucas’ “The 
Excitable Substances of Amphibian Muscle,” 7. PhysioL^ 1907-08 ) 


rent required to excite, but beyond that point further increase in duration 
is immaterial. The excitation time, as revealed by such a curve, is prob- 
ably a significant property of any excitable tissue. Since it is difficult to 
measure the precise point at which the curve becomes horizontal, a constant 
has been introduced (Lucas, 1906-07), which Lapicque (1926) designates 
chronaxte, for the purpose of measuring the time element in excitation. 
The minimal voltage of a constant current of indefinite dmation is termed 
the rheobase. For the purpose of measurement a voltage double the 
rheobase is chosen ; chronaxie is the least duration at which such a voltage 
will excite the tissue. This measure of time varies from about 0,2(r in 
mammalian medullated nerve to lOOor in the case of smooth muscle. 

Excitation time as measured by chronaxie has been invoked as playing 
an important role in neuromuscular coordination. Whatever significance 
this may have in the mechanism of nerve and muscle, it should be noted 
that chronaxie alone is not a reliable measure, for excitation time is ade- 
quately portrayed only by a complete “strength-duration curve” (Lambert, 
Skinner, and Forbes, 1933). 

Propagated Disturbance. Even more striking evidence of the essential 
similarity in nerve and muscle is found in the many identical features re- 
vealed by the propagated disturbance which results when the local excita- 
tory process becomes sufficiently intense. This disturbance has been known 
classically in the case of nerve as the “nerve impulse,” in the case of muscle 
as the “wave of excitation.” The single designation propagated disiur- 
hance (Adrian and Lucas) is a noncommittal and fitting name for it in 
both tissues. Perhaps the most noteworthy feature of this functional re- 
sponse is the electric change by which we may follow its progress along the 
fibers. ' A suitable galvanometer or electrometer connected with a nerve 
or mosde reveals a wave of lowered electrical potential sweeping along the 
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fiber, the active portion being negative with respect to the inactive regions 
in front of and behind the advancing wave. This effect, as obsei ved in a 
recording galvanometer, is commonh called the “'action current,” or 
“action potential.”^ Records from both nerve and muscle made Vvilh the 
capillaiT electrometer by Adrian ( 1921 ) and from nerve with the c.athodc 
ray oscillograph by Gasser and Erlanger (1922) and Bishop (1^27) show 
that the electric disturbance rises rapidly to a maximum and then dies 
away more slowly, the decline lasting seveial times as long as the rise to 
maximum- The actual duration of the initial rise in mammalian motoi 
neive is about 0.3a; in the most rapidly responding skeletal muscle it is 
about four times as long. Records of action currents in nerve and muscle, 
made with a string galvanometer, are shown in Figures 5 and 6. Recent 





FIGURE 5 

Records or Action Currents in Nerve and Skei,et\l Muscle Made with String 

Galvanometer 

monophasic action current of frog’s sciatic nerve recorded with amplifier 
and shoit-string galvanometer (Forbes, Davis, and Emerson) ; ^—diphasic action 
current of gastrocnemius muscle of frog; c — action currents of human forearm 
flexor muscles during voluntary contraction, electrodes applied to the skin. In 
a, b, and c the response was in each case evoked by a single stimulus (induction 
shock). In a, l<r=1.3 cm.; the small initial excursion shows escape of stimulating 
current. In b and c, lime is shown below by shadow of tuning fork vibrating 100 

d.v. per sec. 


^The classical designation “action current” for thc^ electric response of nerve 
or muscle has largely been replaced by the term “action potential.” ^ The change 
is associated with the introduction of amplifiers which draw a negligible amount 
of current from the tissue and therefore give a truer record of the potential 
changes than is possible with an unaided galvanometer. There is no essential 
diflference in the phenomenon as observed by the different methods; the word 
“current” is therefore retained In those portions of the chapter which have not been 
rewritten in revision. 
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FIGURE 6 

Electric Response from Human Forearm Muscle (Flexor Digitorum Sublimis) 

DURING Fi.FXION OF FiNGER, REVEALING ISOLATED RESPONSES OF TwO 

Motor Units (Groups of Muscle Fibers Innervated by Single 
Neuron) Dischxrging at Slightly Different Frequencies 
Action potentials weie led oft with localizing concentric electrodes, through am- 
plifier, to DiiHois oscillograph Constancy of tension shown by mechanical myo- 
graph line below electrical lecord. I'ime shown below in 0 02-sec. intervals 
Record by D. B. Lindsley. 

work by Gasser and Krianger (1930) and Gasser and Graham (1932) 
and others has shown the action potential of nerve to be composed of two 
parts, which they call the “spike*' and the “after-potential." They are 
differentiated because they can be made to vary independently under ex- 
perimental conditions. The spike potential subsides almost to zero in a 
period about three times as long as the rising phase. The after-potential 
in fresh nerve lasts about five times as long as the spike, and is greatly 
prolonged by fatigue. A similar differentiation of two successive parts 
in the action potentials of cardiac and skeletal muscle was found by 
Bishop and Gilson (1927). Rosenblueth, Leese, and Lambert (1933) 
have recently found in smooth muscle two stages of electric response, 
apparently corresponding to those found in sti fated muscle, but even more 
clearly separated in time, 

A probable due to the physical significance of the action potential is 
the “current of injury," which Horn through a galvanometer connected 
at one terminal with the uninjured surface of a nerve or muscle, and at 
the other with the transversely cut end or otherwise injured portion of the 
tissue. The cut end or injured portion is negative with respect to the un- 
injured surface, just as during the passage of an impulse the active region 
is negative with respect to the inactive region. Furthermore, although it 
is impossible to infer the actual magnitude of the potential difference in- 
volved in either the action current or the current of injury, “since the 
circuit through the instrument is shunted to an unknown degree by idle 
tissue and fluid** (Davis, 1926), it is probably significant that the potential 
difference appears to be of the same order of magnitude in the two cases 
(presumably between 50 and 100 millivolts). 

The most probable interpretation of all these observations is embodied in 
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the membrane theory, which was developed for ncive hy Ostwuld (1890) 
and Bernstein (19{)2) and somewhat extended bv Liilie (1920, l922). 
This theory assumes a semipermeable membrane which normally ma iJrains 
a difference in concentration of electrolytes, and hence a difference of polen- 
tial, between the protoplasm within and the external surface of the hbei. 
The current of injury, obtained by transverse section of the fibei, con- 
stitutes probably its most direct measure, for the electrode at the cut end 
is applied as directly as possible to the exposed inside portion of the fiber. 
On the membrane theory the action current, which marks the passacic of 
an impulse, is due to a transient increase in permeability resulting in a 
partial or complete depolaiization moving progressively along the fiber. 
Even though there is no recording instrument there must be a local bio- 
electric current (Lillie, 1922) m consequence of the action potential. 'Fhis 
current is assumed to flow from the positive outer surface in front of the 
disturbance, along the outer sheath, and through the surrounding fluid to 
the active region, at that point inward through the depolarized membrane 
to the inside of the fiber, and back again along the in^ide (see Figure 7). 



FIGURE 7 

Diagram To Illustrate the Membrake I'heory of Conduction in Nerve and 

Muscle 

The arrow below indicates the direction of the piopagated disturbance. I'he 
general course of the bio-electric currents is shown by the curved arrows. 

It is further assumed that this current constitutes the stimulus which calls 
into action the next section of the nerve and thus causes the wave of 
activity to progress. The cessation of the action current is assumed to 
depend on the spontaneous restoration of the polarized state as the wave 
of activity passes on. 

This theory is reinforced by the analogy of the behavior of an iron wire 
with a film of oxide on its surface immersed in nitric acid. The wave of 
electi’-ochemical activity which can be made to pass along the wire furnishes 
a striking counterpart of the nerve impulse in certain respects (Lillie, 
1922). The close similarity of nerve and muscle with respect to both 
action currents and currents of injury leads to the conclusion that the 
mechanism of conduction must be fundamentally alike in the two tissues. 
In support of the membrane theory Lillie (1914) has called attentum to 
the correlation between the rate of rise of action current and velocity of 
conduction in various types of nerve and muscle. The hypothetical mem- 
brane cannot be identified with any particular part of the structure of tlie 
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nerve fiber. Bishop (1927) and Bishop and Erlanj^er (1926) show fea- 
tures of the action potential which suggest the progress of chemical re- 
actions, and in discussing the membiane theory they Ytarncd against any 
oversimplified and static explanation; they regard both action and resting 
potentials as the lesultants of balanced leactions. 

Refractory Phase. Another feature common to nerve and muscle, and 
of the greatest importance, is the refract oty phase. When a propagated 
disturbance is initiated it sweeps over the tissue, leaving it refractory to 
further stimulation for a brief interval of time (Biamwell and Lucas, 
1911). Following the absolute refractory phase when the tissue cannot 
respond, tlieic is a peiiod of recover}, the relative refractory phase, during 
which the thieshold of excitation is abnormally high, and the size of the 
response which can be evoked is subnormal, both retuining gradually to 
normal. Adrian has shown that in the case of a nerve immersed in a 
slightly acid fluid there is, following the relative refractory phase, an ap- 
parently supernormal phase in the recovery of excitability. He further 
showed that the excitability becomes no greater than would be found if 
the same tissue were in neutial fluid. The supei normality is only relative, 
due to the fact that in an acid medium the final resting stage is subnormal 
when compared with the condition of the tissue at neutrality (Adrian, 
1920). Gasser and Erlangcr (1930) have more recently shown that the 
supernormal phase may still be found after a nerve has been removed from 
acid, and they give reason for correlating it with a prolonged after- 
potential. 

TABLE I 

Duration of action potential Refractory phase Velocity of 


Rising phase Total Absolute Total (includ- (meters per 
ing relative) sec.) 


Medullated neive 
(mammalian) 
at body temper- 
ature (37®C.) 

0.2<r 

l).6tr 

0.6cr 

— 

o 

o 

Non-medullated nerve 
(mammalian^ 
at body lempei- 
ature 

3.5<r 

lOtr 

4(r 

— 

1 

Medullated nerve 
(frog sciatic) 

22^C. 

0.3<r 

2cr 

2<r 

Sir 

30 

Skeletal muscle 
(frog sartorius) 

24^C. 

3.0<r 

20cr 

3<r 

ll<r 

2 


. The values, compiled from various sources, are only approximations. The dura- 
tion of action potential refers to the spike. For total duration of both action 
potential and refractory phase the approximations are very rough because the 
aeclme.of the action potential and the return of excitability to normal are both so 
gradual that precise determination of their duration is impossible. 
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The recent work of Erlanger and Blair (Iv.'il?/; aSuids convincing 
evidence that the relative refiactoiy pha-.e in noive is es?'^ntialiy a post- 
cathodal depicssion left by the action potential. In this Me have not 
only a simplified pictuie of nerve function, but also added support foi tlie 
membiane theory ot c<jnduction. 

Just as the action current is briefer in the case of nervx than ia iniiscie 
and the velocity of conduction more rapid, so is the refractory phase 
briefer. There is not a strict proportionality but a very clear correirition 
as regards quickness of function in its various aspects (see Table 1). 

The recent work of Gasser and Erlanger (1930) and Gasser and 
Graham (1932) seems to show that the entire refractory period, absolute 
and relative, is coextensive with the spike potential. They contend that 
this potential change, although correlated with depolarization of the mem- 
brane, is probably secondary to an underlying chemical reaction. 

All-or-None Law 

It has long been known that, when a single stimulus is applied directly 
to a muscle or to its motor nerv^e, the size of contraction which may be 
evoked is apparently graded according to the strength of stimulus from the 
threshold, below which the stimulus is ineffective, to a maximal value, 
above which further increase in the strength of stimulus causes no further 
increase in the size of contraction. Lucas (1909), by using a very small 
muscle and a delicate means of recording the size of the contractile twitch, 
showed that the increase in contraction as the stimulus was gradually in- 
creased in strength occurred in a series of definite steps, and after each 
step was reached there was no further increase in the size of contraction 
until the next step. Pratt (1917), using even more refined methods, 
brought out this same effect more strikingly. These observations can be 
interpreted only as meaning that each step represents the threshold of 
stimulation for a new fiber or group of fibers, and that the contractile effort 
of the individual fiber is the same whether the stimulus be strong or weak. 
Adrian (1922), using the pore-electrode, showed that the action current 
of muscle likewise increases by a series of definite steps, the level being 
maintained constantly throughout the extent of each step, and that there- 
fore the electric response, as well as the contractile effort of the individual 
muscle fiber, obeys the all-or~none Jawn 

Gelfan and Gerard (1930) have found that certain striated muscle 
fibers, when stimulated through microscopic electrodes, can be ma<le to 
yield localized contractions of graded amount. This occurs only when 
the stimulus is too weak to initiate conduction ; as soon as true conduction 
is started, the usual all-or-none response ensues (cf. Lucas, 1907-08, p. 
266). 

Adrian in 1912 attacked the question of the all-or-none character of 
the nerve impulse by a new method. When a portion of a nerve is sub- 
jected to a narcotic, the impulse is blocked, provided the narcotic is suf- 
ficiently concentrated and applied for a long enough time. Apparently the 
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duration of action of a narcotic necessar)^ to abolish conduction depended 
on the length of the narcotized region. From this it was concluded that 
the impulse became progressiveh' weaker as it tiaversed the narcotized por- 
tion of nerve. This is the classical conception of "'decrement/" Proceeding 
on the assumption of decremental conduction in a narcotized region, Adrian 
demonstrated that if a nerve impulse is allowed to traverse a region of 
narcosis almost but not quite long enough to extinguish the impulse, it 
will, on emerging into an unnaicotized region, apparently regain its initial 
size. These and other observations (1914) involving narcotization led to 
the conclusion that the uze of the nerve impulse in the individual fiber is in- 
dependent of the sireiujlh of stimulus, i.e., that it obeys the all-oi-none laiv. 

Kato in 1924 pointed out that the assumed decremental conduction in 
a naicotized legion, w'hich liad thus been used to furnish evidence for 
the all-or-none law in normal nerve, constituted an exception to the all-or- 
none law itself. He and his colleagues showed that the dependence of the 
duration of narcosis u[>on the length of the narcotized region was limited 
to regions less than 7 mm. long. Beyond 7 mm. the length of the nar- 
cotized region was immaterial. In shorter lengths the observed relation is 
in part explainable through diffusion near the edge of the narcotizing cham- 
ber with a resulting gradient of concentration of the narcotic. These ex- 
perimenters also showed that when the neive impulse enters a region of 
uniform narcosis the electric response falls to a reduced level, but instead 
of growing progressively smaller, as the decrement theory assumed, it re- 
mains constant in size as long as the degree of narcosis is constant. On 
emerging from the narcotized region to normal nerve the electric response 
at once regains its initial size. Davis, Forbes, Brunswick, and Hopkins 
(1926), working independently, afforded complete confirmation of Kato^s 
conclusion. These experiments, although disproving the premise of decre- 
ment in narcosis, upon which Adrianas chain of evidence rested, neverthe- 
less confirmed his main conclusion and placed the all-or-none law on a 
firmer foundation than ever. Davis, Forbes, Brunswick, and Hopkins con- 
tended on theoretical grounds that there must be a brief transitional decre- 
ment as the impulse passes from a normal region to one of partial narcosis. 
Cooper in 1926 reported observations which appeared difficult to rec- 
oncile with Kato’s view of decrementless conduction. The difficulty has 
been met by Rice and Davis (1928), and we may definitely abandon the 
idea of progressive decrement in uniformly narcotized nerve, with the 
reservation that on theoretical grounds there must be some degree of transi- 
tional decrement, even if only of molecular dimensions, and the question of 
extent remains yet to be determined. Perhaps the strongest case for the 
all-or-none law in nerve is the reasoning which Adrian brought to bear 
on the problem in 1914. Since the impulse is set in motion as soon as 
the local excitatory process reaches the requisite value ‘‘and the refractory 
state accompanying the disturbance will prevent any subsequent change in 
the local conditions from affecting its size in any way,” the all-or-none re- 
lation is a necessary logical consequence (cf. Ritchie, 1932). 

The evidence that the impulse regains its full size on emerging from a 
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narcotized into a normal region shows that the energy of the vnhn.Lse comes 
not from the stimulus but from the fiber » This fact taken togecber with 
the refractory phase, denoting a temporary depletion of ihc source of 
energy, shows that the neive impulse is djmamicaUv like an e\(^L>'Jvc in- 
action or the burning of a fuse, rather than like a sound wave or an electric 
current in an inert conductor. A disturbance of this class must be funda- 
mentally independent of the strength or character of the stimulus which 
evokes it, provided this be adequate. It should be noted that the membrane 
theory of conduction harmonizes well with the all-or-none character of 
the response, for, if the essential feature of the impulse is a breaking-down 
of the polarized state of the membrane, it is evident that such a change 
cannot go beyond complete depolarization. 

The all-or-none law of response is now well established for nerve and 
skeletal muscle. This law, frequently misunderstood, in reality states that 
propagated disturbance evoked by a single stimulus hi a single functional 
unit of nerve or muscle is always as large as that functional unit is capable 
of producing at the moment when the response is evoked, no matter how 
strong the stimulus may be. In other words, the size of the propagated 
disturbance is independent of the strength of the stimulus, provided this is 
adequate (Forbes and Cattell, 1924). The size of response may be varied 
by varying the condition of the tissue; for instance, the energj" released in 
a muscle twitch may be varied by altering the load to which the contract- 
ing muscle is subjected. The size of response varies with the degree of 
recovery from a previous response. But under all these conditions the size 
of response is independent of the strength of stimulus. 

The recent researches of Adrian (1926, 1926-27, 1928) and Adrian and 
Zotterman {\926a, 1926i) have shown quite clearly the all-or-none char- 
acter of sensory nerve impulses and the fact that, while their magnitude is 
constant, their frequency is correlated with the strength of the stimulus 
applied to the sensory receptor. Thus sustained tension applied to a 
small strip of frog’s muscle, containing a single receptor for muscle sense, 
set up in the afferent nerve a regular succession of impulses varying in 
frequency from 100 per second with the maximum load to 5 per second 
with a very weak pull. If the tension applied was constant, the frequency 
of the nerve impulses declined gradually during its applic«ation. 

Metabolism tn Nerve 

It has long been known that both nerve and muscle require oxygen in 
order that they remain functionally active, and that muscle gives off carbon 
dioxide as a result of its contractile activity. Until recently observers failed 
to detect any carbon-dioxide production in nerve, and this fact made many 
lean to the view that nerve was an inert conductor. More recently 
Tashiro (1913), Parker (1924-25, 1925-26, 1925-28), and Fenn (1927) 
have shown that minute quantities of carbon dioxide are produced by nerve 
even at rest, and that this quantity is measurably increased during activity, 
as is also the oxygen consumption (Fenn, 1926-27). 
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The heat production of muscle is well known and been extensively 
studied with quantitative methods by A. V. Hill and ms associates. Re- 
cently, with refined methods, Downino;, Gerard, and Hill (1926) dem- 
onstrated heat production in nerve. From experiments with various fre- 
quencies of stimulation, Gerard, Hill, and Zotterinan (1927) infcircd that 
the amount of heat from a single impulse traversing a gram of nerve is a 
millionth of a calorie. I'his is very much less than the heat production in 
muscle, which is of the oi der of 0.003 calorie^ per grant for a single func- 
tional response. In the matter of heat production there is a further qualita- 
tive similarity and quantitative difference between nerve and muscle, in 
that each tissue shows an immediate heat production, which results during 
functional activitv, and a dela 3 'ed heat production, which occurs at a slower 
rate but lasts for se^cral minutes after activity has ceased. In the case 
of muscle contracting for a short time, the delav^ed heat pi eduction amounts 
to about half the total. In the case of nerve the delayed heat production 
amounts to about nine-tenths of the total and lasts as long as ten minutes 
after the cessation of activity (Downing, Gcraid, and Hill, 1926). Clear- 
ly the activity of nerve, as well a^s of muscle, is metabolic. 

Gasser and Erlanger (1930), differentiating the two components of the 
electric response, spike and after-potential, related the latter to some oxida- 
tive process probably involving the removal of metabolites and reforming 
a substance essential to normal activity. This likens the phenomena to 
those observed in muscle, to be described presently. 

Fatigue 

One of the most striking apparent differences between nerve and muscle 
is in relation to fatigue. If an isolated muscle is made to contract by a 
rapid series of stimuli, it will soon become obviously fati^ed and the 
ability to contract will fall off to a small fraction of its initial value. A 
nerve, on the other hand, will conduct a hundred impulses or more a sec- 
ond and continue to do so for hours without apparent exhaustion. From 
this fact it has been inferred that nerve was unfatigabie. But recently 
Field and Briicke (1926) showed that with continued stimulation the re- 
fractory phase of a nerve is greatly prolonged. Gerard {1921 a) showed 
that oxygen consumption and heat production in nerve become less if 
stimulation is continued at high frequency than if it is intermittently inter- 
rupted with periods of rest. In some recent expeiimcnts (Forbes and 
Rice, 1929), the action current of nerve has been found to grow smaller 
in a prolonged series of responses at high frequency (Levin, 1927 )* 
Gerard {1921b) emphasized the fact that, in the case of nerve, continued 
activity at a given frequency of stimulation does not result in a decline of 
activity to the point of exhaustion, but that an equilibrium i$ reached at 
a reduced level of functional activity, and this level may be maintained 
for a long time. Increavse in the frequency of stimulation causes the func- 
tional level to fall farther and attain a new equilibrium; decrease in fre- 
quency causes a partial restoration to a higher equilibrium level, Davis 
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and Davis (1932) found a similar effect m mu^cIc. Ceiaid proposes the 
term '^equilibration '' to sijj:nif 5 ' the difference between this condition and 
the type of fatigue that progresses to exhaustion. The icict fatigue 
can be demonstrated in neive tends to make the difference beaveen nerve 
and muscle quantitative rather than qualitative in this respect, as well as 
in other features of functional activity. 

Gerard (1927r) has attempted to bring together the facts which have 
emerged from the chemical and dynamic studies of nerve in a provisional 
theory. He shows how a cycle of three related reactions might give rise 
to the known phenomena of refractory phase and equilibration fatigue. 

We have considered in some detail the functional properties of nerve and 
muscle. Of the ex'citable tissues, medullated nerve and striated muscle are 
the two most highly differentiated for the special functions of conduction 
and contraction respectivelja It has been shown that, in spite of their dif- 
ferences, the essential nature of the conduction process is apparently the 
same in both. That, in tissues so different in structure and embryonic 
ancestry, these essential elements of function should be the same, is a mat- 
ter of profound significance. It suggests the inherent propensity to react 
in this way as perhaps a basic property of living cells in general. 

An important conclusion which follows from the all-or-none character 
of the nerve impulse, and which is not yet as well recogni 2 ;ed as it might 
be, is the fact that, whatever the functional properties of the gray matter 
may be, the nervous system must utilize impulses of the kind which we 
have been describing wherever they are transmitted through axons, whether 
in the peripheral nerves or in the white matter of the brain and cord 
(Martin, 1922). It has been customary in the past to treat nerves as if 
they were pipe lines in which continuous streams of nervous energy could 
be graded as to intensity, much as one grades the flow of water by opening 
and shutting a faucet. It is evident that this mode of treatment is funda- 
mentally wrong. We must recognize that the impulses mediating sensation 
in the afferent nerves, the impulses in the axons of the internuncial neurons 
of the entire central nervous system, and, finally, the impulses which tra- 
verse the efferent nerves to evoke responses in muscle or gland, are all 
successive disturbances of the transient, all-or-none type. 

Muscular Contraction 

It has already been noted that nerve and muscle are differentiated and 
specialized for the two distinct functions, conduction and contraction, 
and yet that fundamental properties of the propagated disturbance are the 
same in both. It remains to mention the salient properties in which muscle 
differs from nerve. The conduction process in muscle is incidental to its 
prime function, contraction. Hill (1926rt) says “a muscle is essentially a 
mechanism for transforming chemical into mechanical energy.’' 

Anatomically, skeletal muscle is made up of fibers varying roughly from 
20 to 80 microns in diameter, each consisting of a large number of myo- 
fibrils. The myofibrils show a banded or striated structure, due apparently 
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to alternate transverse layers of two kinds of material called 'Isotropic’* 
and "anisotropic.” 

It is noteworthy that the progagated disturbance set up by a single 
stimulus, as measured by the action current, is of far briefer duration than 
the resulting contraction. The action current in some of the limb muscles 
of the cat reaches its maximum in about 2(r and is practically over in iOcr. 
Sherrington (1921) and Cooper and Eccles (1930) have perfected myo- 
graphs for recording accurately and without lag the tension developed in 
isometric contraction, i.e., contraction when the muscle is not allowed to 
shorten and the contractile effort is revealed as tension. Cooper and Ecclcs 
find the contraction time (to maximum tension) in the isometric twitch in 
various muscles in the cat to be approximately as follows: soleus, lOOtr; 
gastrocnemius, 30<r; internal rectus of the eye, 7 to lOcr. A record of such 
an isometric contraction from a skeletal muscle in the cat is shown in 
Figure 8, together with the diphasic action current marking the underlying 
propagated distui banco; this record shows the simple twitch evoked by a 
single stimulus. Fulton (1926) has made ingenious use of isometric 
recording in the analysis of spinal leflexes. 



Response of Cat’s Gastrocnemius Muscle in Response to Single Break-Shock 
Stimulus Applied to Popliteal Nerve 

Lower line, record of isometric lever; upper line, string-galvanometer record of 
diphasic action current. Time recorded in 0.01-second intervals by vertical 
lines above the perforations at the top of the picture. 


It is an old observation that a muscle will contract more powerfully if 
subjected to a moderate initial load. "The maximum work can be ob- 
tained only by variable load, which at every length during the contraction 
is exactly equal to the maximum tension the muscle can exert at that 
length” (Hill, 1913). The extensive researches of Hill (1911, 1913, 
1920-21, 1926<s!, 1926^, 1928) have solved many problems in the thermo- 
dynamics of muscular contraction. Heat production occurs in several dis- 
tinct stages. 

Immediately on stimulation there is a large and rapid evolution of 
heat; this, in a contraction of short duration, represents about half the 
‘initial’ energy: it is complete long before the moment when the maxi- 
mum tension is attained; then follows relaxation, accompanied by the 
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e\olutiou of the other half of the ‘initiar heat la a pj con- 
traction thete IS another equally ohvnous phase, that asNOcJated a 

constant late of heat-pioduction, lasting as long as the contf action 
is maintained. (Hill, 1926a) 

As already mentioned, this initial heat production is iollowed by a recover) 
heat production, very much more gradual but slightly larger m amount, 
and lasting in muscle as long as 15 minutes. The initial heat production 
occurs, as does contraction, even if the muscle is isolated in an atmospheie 
deprived of oxygen. The recovery heat production occurs only in the 
presence of oxygen. Hill concludes that the initial energy liberation is 
non-oxidative, but that recovery is an oxidative process. He has likened 
the recovery process to a combustion engine driving a dynamo which re- 
charges a storage battery. 

The chemical changes which underlie the contraction of muscle have 
recently^ been investigated in fruitful researches which make an important 
chapter in physiology, beyond the scope of this summary. For a review 
of the experiments and literature the reader is referred to Hill (1932^). 

Chemical Mediation 

Recently evidence derived from many ingenious experiments has pointed 
convincingly to the conclusion that nerve impulses in the autonomic system 
activate the smooth muscles which they innervate through the mediation 
of chemical substances produced where the nerve fiber impinges on the 
muscle cell. It is believed that the nerve endings of the sympathetic 
division of the autonomic system produce as a mediator adrenin or a closely 
similar substance, whereas the nerve endings of the parasympathetic divi- 
sion produce acetylcholine. Cannon and Rosenblueth (1933) have found 
evidence leading to the view that the mediator combines with receptive 
substances existing in the muscle cell, and that these receptive substances 
are of two kinds, excitatory and inhibitory. When the receptive substance 
is excitatory the combination causes contraction of the muscle cell; when 
inhibitory, lengthening (Cannon, 1933). 

This new conception of smooth-muscle function suggests a fundamental 
similarity to the activity of glands whose function is the production of 
chemical substances. 

Rosenblueth (1934^), on the basis of various findings in plation to the 
skeletal neuromuscular unit and to smooth muscle, has outlined the chain 
of events which occurs when a nerve impulse evokes a response in the in- 
nervated muscle. The sequence is as follows: nerve impulse; propagated 
disturbance in muscle; chemical mediator, which in some cases combines 
with a receptive substance and which causes the response in the muscle 
(contraction with liberation of heat). The first two steps are quanta!, 
i.e., all-or-none; the remaining steps are subject to gradation. The formu- 
lation of this sequence may be a generalization applicable to all effectors — 
skeletal muscle, smooth muscle, and gland. 
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Glands 

Glands constitute an impoitant j>roup of effectors whose function is tc 
elaborate substances serving various purposes in the life of the organism. 
Glands are of two classes: those whose secretion is poured into a duct, 
whence it is led 1o the suiface of the body or into an internal cavity such 
as the intestinal tract, and the endociine organs, whose secretion is taken 
up by the blood stream as it circulates through the substance of the gland. 
The formei class perfoims a varietv of services relating to digestion and 
the elimination of waste, which are concerned only indirectly with the sub- 
ject of this chapter. Hie glands of internal secretion play a variety of 
roles in the coordination of bodv activitj^ and, in such instances as the 
adrenal glands, play an active pait in the mechanism of immediate reaction 
of the organism to its environment (Cannon, 1929). 

Central Nervous Functions 

Lei us now turn to a consideration of the special functions of the central 
nervous system. The gray matter of the brain and cord comprises the 
adjustor mechanism. Its functional properties can best be approached 
through a study of the simplest reflexes involving the synapse between 
neurons. 

The contrast between neive trunk and reflex arc may be viewed from the 
angle of the diversity of purpose which the structures serve. The nerve 
fiber apparently exists for the purpose of transmitting messages to remote 
parts, rapidly, economically, and without modification. The central struc- 
ture appears to serve as a junctional point where messages from many re- 
gions may be correlated, relayed, and distributed to other regions. In this 
respect the fibers and centers may be likened to the wires and central offices, 
respectively, of a telephone system. 

Anatomically, the nerve fiber is characterized by its comparative sim- 
plicitj’’, extending as it does for great distances without branching or 
changing much in size or form. Jn contrast with this, the gray matter 
presents a picture of the most prodigious complexity, with intricate end- 
branches and dendrites providing the connections for extensive coordination 
of conducting paths. 

Finally, the contrast between nerve trunk and reflex arc may be viewed 
from the angle of functional differences. Sherrington in 1906 summarized 
the differences between conduction in nerve trunk and reflex arc, the most 
important of which are as follows. Reflex conduction shows: 

a. slower speed as judged by latency of response ; 

after-discharge, i.e., persistence of response after stimulation has 
ceased, often for several seconds; 

c. summation^ single stimuli in many reflexes failing to produce any 
response, whereas a repeated series is effective ; 

Irr&uermhilli^, conduction from afferent to efferent neurons being 
possible, but in the reverse direction through the central structure, impos- 
sible ; 
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e» fatigue on continued stimulation, in contrast with the nerve tiunk, 
which exhibits extraordinary resistance to fatigue; 

/. greater iwlabiUty of threshold or ease with which responses can be 

g, far greater dependence on blood supply and oxygen, and correspond- 
ingly greater susceptibility to anaesthetics ; 

h. reinforcement by allied reflex arcs; 

I, inhibition, afferent nerves having the property of suppressing as 
well as initiating central activity. 

Histological research has not yet settled conclusively whether there is 
indeed a true surface of separation between connecting neurons, or 
whether there is actual protoplasmic continuity. The indisputable stiuc- 
tural difference between the reflex arc and the nerve trunk lies in the in- 
tricately branching system of connections, on the one hand, and the isolated, 
unbranched arrangement on the other (Loeb, 1903). , i 

Lucas (1917), whose crucial experiments did much to elucidate the 
fundamental nature of conduction in nerve and muscle', raised the follow- 
ing question : 

Are we to suppose that the cential neivous system uses some pro- 
cess different from that which is the basis of conduction in pciipheral 
nerves, or is it more probable that the apparent diffeiences rest only 
on our ignorance of the elementary facts of the conduction process.-^ 

If we had a fuller knowledge of conduction as it occurs m peripheral 
neive, should we not sec Inhibition, Summation, and After-discharge 
as the natural and inevitable consequences of that one conduction 
process working under conditions of varying complexity? 

The scope of this idea is large. A reduction of the elements of neural 
activity underlying consciousness and behavior to the single basis of the 
nerve impulse, many of whose physical properties are now knowm, would 
be a generalization comparable to the reduction of all the vaiious chemical 
elements to their constituent protons and electrons. 

Lucas further suggested 

that we should inquire first with all care whether the elementary 
phenomena of conduction, as they are to be seen in the simple motor 
nerve and muscle, can give a satisfactory basis for the understanding 
of central phenomena; if they cannot, and in that case only, we shall 
be forced to postulate some new process peculiar to the cential nervous 
system. 

A task of cardinal importance in the study of the ticrvous^ system is to 
determine the extent to which the peripheral type of conduction can serve 
to explain the known facts of central or reflex function.^ Does every neui al 
disturbance sweep over the conducting paths open to it, leaving them re- 
fractory, so that sustained activity must be intermittent? Or is there some- 
thing at the synapse which can pass into a sustained state of activity un- 
interrupted by refractory phase and capable perhaps of gradation? 

Spinal Reflexes. In mammals the reflexes most accessible to study aie 
the spinal reflexes, involving contraction of the limb muscles. It is possible 
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to isolate the local centers which coordinate the movements of the hind limbs 
by transecting the spinal cord in the thoracic region. In that vray the 
lumbar enlargement of the spinal cord, which contains all the motor neu- 
rons innervating the muscles of the hind limbs, is cut off from the influence 
of the brain and higher centers in the cord. This operation makes it 
possible to study the extent to which a local cooidinating mechanism exists 
in these lower centers. Transection of the spinal cord between the brain 
and the cervical enlargement containing the local centers for the forelimbs 
makes possible the study of the local reflexes in both the hind limbs and the 
forelimbs and the coordination of the two pairs of limbs with each other. 
This operation destroys the respiratory center and makes it necessary to 
employ artificial respiration to keep the animal alive. Transection of the 
brain-stem, just in front of the cerebellum, eliminates the entire cerebrum, 
and with it consciousness and spontaneous activity. It does not interfere 
with spontaneous respiration or with certain coordinating effects of the 
lower centers of the brain, and it permits the study of spinal reflexes under 
conditions which are in some respects more nearly normal than those ob- 
taining when the spinal cord is severed below the medulla oblongata. This 
operation is known as deccrebration. The most striking immediate effect 
is the development of extensor rigidity, a condition described and studied 
by Sherrington. All the extensor muscles of the limbs go into a state of 
sustained contraction and remain in this condition for many hours, in fact 
as long as the animal can be maintained in a normal condition as regards 
temperature and circulation. As Sherrington (1906, p. 302) has pointed 
out, the extensor muscles are those which support the animals weight 
against the force of gravity and their sustained contraction is to be looked on 
as a postural reflex. Its reflex nature has been demonstrated by the fact 
that any interruption of the path from the receptors of muscle sense, located 
within the muscles and tendons, to a nerve center in the hind-brain and 
back to the extensor muscles through their motor neurons, abolishes the 
rigidity. 

All three of these operations have been used extensively by Sherrington 
in the study of spinal limb reflexes. The initial operation is performed 
under deep surgical anaesthesia and thereafter the reflexes may be studied 
after the local centers have been freed from the effects of the anaesthetic. 
In the case of decerebration or transection of the cord at its junction with 
the brain, the cerebrum, which is the center of consciousness, is destroyed, 
and the animal thereafter becomes a reflex automaton in which the reflex 
mechanism may be studied without the possibility of pain. In the case of 
low spinal transection in the thoracic region, there is no nervous connection 
between the lumbar centers coordinating the muscles of the hind limbs 
and the rest of the central nervous system ; thus the hind-limb reflexes may 
be studied without provoking any sensation whatever in the animal. 

; These^ methods have yielded a great mass of information about the 
mammalian limb reflexes (Sherrington, l9lQa), Only the more constant 
,^d important of these reflexes will be described here. When a skin sur- 
face or a sensory nerve in the hind limb is strongly stimulated in either a 
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spinal or decerebrate animal, the regular leflex response is a rapid flexion 
of the hip, knee, and ankle in the stimulated leg. Usuall) this is accom- 
panied by a slightly more gradual but equally strong exiension of the same 
three joints in the opposite hind leg. These two reflex responses arc cdied 
the flexion reflex and the aossed extension reflex. Their puiposi\^e sig- 
nificance has been pointed out by Sherrington (1906). If a noimal aniuial 
steps on a thorn or otherwise brings his foot in contact with an mjuiious 
object, the natural defensive reaction is withdrawal of the foot, which is 
best effected by a flexion of hip, knee, and ankle. That the body may be 
supported during this reaction requires the contraction of the extensor 
muscles of the opposite hind limb. The crossed coordination whereby 
flexion in one hind limb is accompanied by extension in the other is found 
not only in the defensive reaction just described but also in normal progrCvS- 
sion. A walking animal such as a cat or dog normally flexes the joints of 
one leg while extending those of its mate; rhythmical progression move- 
ments, in which this coordination is beautifully demonstrated, can easily 
be evoked in a cat or dog after low spinal transection. Many of Sher- 
rington’s observations have shown a functional linkage between the flexor 
motor center of each hind limb and the extensor motor center of its mate. 

One of the most interesting and striking features of these limb reflexes is 
the reflex inhibition shown in the reciprocal innervation of antagonistic 
muscles. If the flexor and extensor muscles of the knee joint contract si- 
multaneously, they work against each other. Sherrington (1906, 1910tf> 
\9l0b, 1913) has shown that reflex excitation of one group of muscles is 
accompanied by reflex inhibition of the antagonistic group, which insures 
their relaxation and the elimination of wasteful opposition. Thus in the 
flexion reflex there is not only reflex excitation of the flexor muscles but 
simultaneously a reflex inhibition of the extensors. This is especially w^ell 
demonstrated during decerebrate rigidit 5 % in which, as has been already 
stated, the extensor muscles are in a state of sustained contraction. If an 
extensor muscle is isolated it is found that when the powerful afferent 
stimulus which evokes the flexion reflex is applied the extensor muscle 
relaxes instantly; this is due to central inhibition. 

Other examples of inhibitory action are known elsewhere in the body, as, 
for example, the inhibition of the heart by the vagus nerve. The stimula- 
tion of the vagus causes a slowing or cessation of the heart beat; this 
occurs even when the vagus nerve is severed from the central nervous 
system and the peripheral portion stimulated. There is an important 
difference between such peripheral inhibition and reflex inhibition of 
skeletal muscles. The heart muscle has the property of spontaneous con- 
traction ; therefore peripheral inhibition is a necessity if the heart beat is to 
be slowed to less than its spoiltaneous rate. Vertebrate skeletal muscle 
has no tendency to spontaneous contraction; normally it contracts only 
when excited by the discharge of impulses from the central nervous system. 
If motor nerve impulses cease, muscular contraction ceases. 'There arc 
no special inhibitory impulses set up in the motor nerves to stop contraction 
in the skeletal muscles (Verworn, 1900; Forbes, Whitaker, and Fulton, 
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1927); reflex inhibition consists in stoppini* the discharge uf motor im- 
pulses from the reflex center (Cobb, 1928). 1 his law, as far as is known, 
applies universally to veitebrates; exceptions ha\e been found in certain 
arthropods in which the striated muscle of the claw is subject to peri- 
pheral inhibition by stimulation ot the appiupriate nerve ( Biedermann, 

1887). 

There are certain interesting differences between the reflex contractions 
of flexor and extensor muscles (Liddell and Sherrington, 1923^/). The 
flexion reflex usually stalls very ciuicklv, and if the stimulus is strong all 
the motor neuions which paiticipate in the lellex begin discharging im- 
pulses at once; thus the muscular contraction has a Inisk and rapid onset 
not differing much from the twitch evoked by applying a maximal stimulus 
to the motor nerve. Forbes and (Iregg (1915^/), stimulating an afferent 
nerv^e with single induction shocks and lecording the action current in 
the motor neive which innervates the flexor muscle in the hind leg of a 
cat, showed that the time consumed by the disturbance traversing the 
spinal cold is only about 4<t. Forbes and Miller (1922), recording the 
action current which marked the entiance of afferent impulses into the 
brain, found that when a single stimulus was applied to the sciatic neivc 
of a deccrebtate cat the first clearly recognizable impulses reached the 
medulla oblongata about 8o after the stimulus was applied, or not less than 
6<r after the afferent impulses had reached the spinal cord. Lcese and 
Einarson (1934) have detected impulses reaching the medulla approxi- 
mately 4or after the arrival of the afferent volley at the spinal cord. This 
is nearly synchronous with the discharge of impulses in the flexor motoi 
neurons. From these observations it is evident that in the flexion reflex 
the motor response ia actually initiated by the spinal cord before the afferent 
impulses make the animal aware of the stimulus by reaching the cerebral 
cortex (Forbes, Cobb, and Cattell, 1923). Recent measurements by 
Gasser and Graham (1933) seem to show a somewhat slower velocity of 
conduction in the spinal cord than do those of Leese and Einarson, but the 
sequence of events is not materially altered thereby. Such pnnnpt and 
uniform conduction through the arc of the flexion reflex forms the basis 
of a machine-like regularity of response, apparently not differing very 
greatly from that found in the nerve-muscle preparation, in which the 
motor nerve is stimulated and the muscle lesponds without the inter- 
position of any reflex mechanism. 

In the case of the crossed extension reflex the condition is quite different. 
This probably involves more internuncial neurons than the flexion reflex; 
at all events, the conducting path has to cross the median plane of the spinal 
cord. The reflex is more variable than the flexion reflex and is much less 
regularly evoked by single stimuli applied to the afferent nerve. In decere- 
brate animals several successive stimuli are often needed. Its latency is 
' considerably longer, the time occupied in traversing the gray matter (re- 
duced reflex iime\ being never less than IZcr (Forbes and Cattell, 1924). 
It never begins with a full discharge of the center such as is found in the 
flexion reflex, but instead its onset is gradual Liddell and Sherrington 
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(1923^7) have shown that the fiist few stimuli e". okc onh in a 

relatively small percentage of the motoi neurons \/nich uitinalcly take 
part if the stimulation is continued long enough. Giadually nzurQ and 
more motor neurons are brought into action as the reflex develops. They 
call this process ''recruitment'^ (1923/>). The after-dischaTge of the 
crossed extension reflex is much more prolonged than that ot the 
reflex. In the decerebrate animal this is partly due to the secondary leiloA 
effect caused by stimulation oi the intramuscular receptors (muscle sense) 
which set up a proprioceptive reflex (Sherrington, 1906), resulting in a 
sustained contraction of the extensor muscle. Even when the affeicnt part 
of the proprioceptive reflex arc is interrupted b}" seveiing the diorsal roots 
ot the spinal nerves, the crossed extension reflex shows a more prolonged 
attcr-discharge than does the flexion reflex, llie crossed extension reflex 
usually disappears first in a moribund animal. It appears to involve a 
moie delicate and vulnerable mechanism than that which mediates the 
flexion reflex. 

Let us now consider the specific differences between nerve-trunk and re- 
flex conduction appearing in the facts now known and, following Lucas^ 
suggestion, see whether reflex phenomena can reasonably be interpreted 
in terms of the all-or-none type of conduction established for peripheral 
nerve. It is granted that the reflex utilizes the all-or-none type of response 
in the axon; the question is whether a similar type of response accounts 
for conduction through the synapse. A few years ago the question was 
still open. Observations which have been made in the last four years have 
rendered it increasingly probable that a different type of mechanism exists 
in the reflex centers. 

Conduction Time. Jolly (1911) found the reduced reflex time of the 
knee-jerk to be about 2<r, or 'somewhat less than that of the flexion re- 
flex. The actual distance traversed within the cord is very short; the 
velocity of conduction in the most rapid fibers of peripheral nerve is about 
100 meters a second; therefore it is evident that conduction through 
the central part of the reflex arc is much slower than in peripheral nerve. 
This fact, however, does not demand a qualitatively different kind of con- 
duction; the difference may be purely quantitative. Rapid conduction is a 
highly specialized property of medullated nerve fibers. It is altogether 
likely that the finer terminal branches and dendrites in the synaptic region 
reseinble more closely the primitive tissues as regards their speed of con- 
duction. The very much greater delay in the reflex response to weak 
stimuli, described by Sherrington, amounting, in the case of the scratch 
reflex, to 2 or 3 seconds, involves a different principle, for in these cases 
the response was evoked only by repeated stimulation. T.'he problem thus 
becomes one of the summation of propagated disturbances and will be dealt 
with as such presently. 

After-Discharge. The continued discharge of impulses in the motor 
neurons for several seconds after the cessation of afferent stimulation, 
especially notable in the crossed extension reflex, appears to be at variance 
with the principle of peripheral conduction in which the ilisturbiince 
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sweeps over the tissue, leaving it refractoiy. There appears to be instead 
a condition of sustained activity. But in the gray matter we are not 
dealing with isolated, unbranched patiis, as in the nerve trunk, but with a 
complex system in which one afferent fiber is probably connected with many 
central neurons through extensive branching; in such a system sustained 
activity might be built up of disturbances of the same kind as peripheral 
nerve impulses. We might assume only sufficiently elaborate and exten- 
sive paths including chains of neurons, each adding a considerable measure 
of synaptic delay, to account for after-discharge without introducing a 
functional capacity in any way at variance with the all-or-none principle. 
The most piolonged aftei -discharge of the crossed extension reflex would 
lequire a sort of central rcverheiation, that is, some central paths would 
be tiavcjsed repeatedly. Lorente de No (1933) has demonstrated his- 
tologically the existence of paths in the central gray matter which might 
well seive as ‘‘closed self-exciting chains,” and thus provide the mechanism 
for “reverberation,” On the other hand, the recent work of Rosenblueth 
(1934r/), in which reflex; acceleration and inhibition of the heart rate are 
used as indicators, furnislies cogent evidence for the view that the pro- 
longed after-discharge, lasting sometimes for minutes, is caused by the 
production and persistence of a chemical substance in the central structures. 

Summation, Many reflexes cannot be evoked by a single volley of 
afferent impulses; a succession is required — sometimes as many as forty or 
fifty stimuli must be applied to bring about the reflex contraction (Sher- 
rington, 1906). In the normal nerve-muscle preparation a single ade- 
quate stimulus evokes a full-sized response. Adrian and Lucas (1912) 
were able to find conditions which made possible a summation of propagated 
disturbances in the nerve-muscle preparation. If the neuromuscular junc- 
tion was sufficiently fatigued, a single impulse in the nerve failed to evoke 
contraction in the muscle. But if a second stimulus was applied during 
the supernormal phase of recovery following the relative refractory period, 
a contraction could be evoked. They were also able to duplicate this 
effect by interposing a narcotized region in the nerve between the stimu- 
lating electrodes and the muscle. Their original interpretation in terms 
of decremental conduction must be revised; and as long as we have no 
exact knowledge of the physical nature of conduction in the synapse we 
cannot hope to form a precise picture of the mechanism of summation. 

A chemical substance, which the evidence of after-discharge has led 
Rosenblueth to postulate, would provide a simple explanation also of the 
phenomena of summation. 

Irreversibility, The synapse has a valve-like property which enables 
impulses to pass from afferent to internuncial or motor neurons but not 
in the reverse direction. Several proposals have been made for explaining 
this in accordance with the hypothesis that the action potential in one 
neuron is the stimulus which excites the next, by making various assump- 
tions as to the duration of the action current on one side of the synapse 
in relation to the time element of excitation (chronaxie) on the other 
side, or the strength of the action current in relation to the rheobase 
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threshold, or some combination of the time and iotenMry inciors (Lillie, 
1914; Gerard, 1931). By a proper c<jinbination of these factors it is 
possible to picture a conceivable arian|^einent which would piovide the 
observed irreversible conduction. But tliese schemata are theoreiical 
speculations, unsupported by evidence. 

If we accept the implications of Rosenblueth’s (1934r/) expcj liuenis 
to the mediation of reflex effects by a substance produced at the synapse, 
it would be simpler to explain irreversible conduction on the assuiiipiiua 
that the end-branches of the afferent neuron have the power to pioduu^ 
the substance, whereas the dendrites of the motor neuron have not. 

Fatigue. It is easy to demonstrate fatigue in the reflex arc. Its 
fatigability contrasts strikingly with the relative imfatigability of the neive 
trunk. Gerard and Forbes (1928) recently showed that fatigue in the 
flexion reflex was apparently of the equilibration type, the size of re- 
sponse falling to a reduced level depending on the frequency with which 
the responses are evoked; thus the reflex arc qualitatively resembles the 
nerve trunk. Quantitatively there is a great difference, the degree of 
fatigue being very much greater in the reflex arc. 

Sherrington (1906, p. 218), Lee and Everingham (1909), and Forbes 
(1912) gave evidence of various sorts tending to show that the fatigue in 
the reflex arc occurs in the particular channel of approach to the motor 
center, rather than in the discharging motor neurons themselves. This 
tends to place fatigue in the synapse, which is the structure to which Sher- 
rington ascribed most of the functional properties peculiar to the reflex 
arc (1906, p. 16). Stiles (1920) has drawn attention to the fact that the 
finer branches of the neurons in the synaptic region arc highly attenuated 
and that therefore we should expect any material required for the trans- 
mission of the impulse to be more rapidly exhausted here than in the 
larger fibers. 

Variability of Threshold. Sherrington emphasized the fact that the 
threshold of reflex excitation is more variable than that of the isolated 
nerve. This appears paradoxical. In view of the all-or-none law of the 
nerve impulse, it is hard to see how the threshold of the reflex can be other 
than the threshold of the afferent nerve fibers. Lutz ( 1918) compared the 
threshold for reflex contraction on stimulating the afferent nerve in the 
frog with the threshold for muscular contraction when the stimulus was 
applied directly to the motor nerve in the same animal. When the ani- 
mal was cooled, the threshold for the reflex rose nine times as much per 
degree centigrade as did the threshold of the nerve-muscle preparation. 
The reflex threshold presumably depends on the number of afferent fibers 
excited and is not the same as the threshold of the most excitable fiber 
among them (Forbes, 1922, p. 377), This consideration emphasizes the 
importance of the branched character of the central connections (cf. Sher- 
rington, 1929, p. 342). The treatment of a reflex arc as consisting typically 
of a single afferent fiber connected through a synapse with a single motor 
fiber is misleading in that it ignores the extensive interconnection of many 
afferent neurons with many motor neurons, If a number of converging 
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impulses ghe a more effective stimulus to the motor neuron than a single 
impulse, it implies a phenomenon of spatial summation, which might be 
explained by the combining of action potentials in overcoming a high 
synaptic threshold. But this effect becomes essentially identical with 
temporal summation (considered above) if inteipretcd on the basis of a 
chemical substance (cf. Rosenblueth, 1934^/). 

Dependence on Blood Supply and SiisieptihUity to Anaesthetics. Re- 
flex centers aie strikingly dependent on blood supply as compared with 
peripheral nerves. A concentration of ether or other anaesthetic in the 
blood sufficient to abolish all ordinary reflexes does not appreciably affect 
the function of the peripheral nerves. On the other hand, a nerve with- 
out its blood supply 'W’ill ultimately lose its function, and anaesthetics in 
sufficient concentiation will abolish function in a nerve trunk. ^I'hus it 
appears that, both in dependence on blood supply and ox3^gen and in sus- 
ceptibilitv to anaesthetics, the difference between the reflex arc and the 
neivc tiunk is only one of degree. It has been shown (Forbes, 1922, p. 
386) thiii there is an adequate basis for the observed differences in the 
known properties of the sjmaptic part of the conducting path. 

J/tt/unl Reinforrenient betzveen Allied Arcs. Sheirington ( 1906 ) has 
given several instances of reinforcement of the activity of one reflex arc 
by stimulation of an allied arc. I'his phenomenon appears to fall readily 
into the category of effects just discussed under variation of reflex thresh- 
old. If those effects can be explained by convergence of individual 
afferent paths, so can reinforcement Camis (1909-10) found that con- 
traction in the flexion reflex was greater if evoked by simultaneous stimu- 
lation of two nerves containing afferent fibers from different parts of the 
hind foot than could be evoked by stimulating either nerve alone. This 
might be ascribed to the connection of the afferent fibers of the two nerves 
with different motor neurons, but there is evidence from other sources 
(Cooper, Denny-Brown, and Sherrington, 1926) that both sets of afferent 
paths are connected centrally with many of the same motoi neurons. Cen- 
tral reinforcement may depend in part on additional motor neuions in- 
volved in the reinforcing reflex, hut it probably also depends in part on con- 
vergence of condticting paths from various sources at common points in the 
nervous system. 

Reflex ^ hhibkion* This phenomenon apparently involves something 
wholly different from ordinary conduction, for, whereas the nerve impulse 
ordinarily induces functional activity, the central inhibitory process sup- 
presses activity. The afferent impulses entering the spinal cord cause a 
cessation of the discharge of motor impulses from the center. 

In 1885 Wedensky showed that when a series of stimuli is applied to 
the nerve of a sligljtly fatigued nervc-rauscle preparation, if the frequency 
of stimulation is increased beyond a certain point, contraction in the 
muscle is replaced by relaxation. Since in this instance increasing the 
excitatory input results in an actual decrease in muscular response, the 
effect presents a superficial resemblance to inhibition, Lucas (1911-12) 
showed that the Wedensky effect depends on a succession of nerve impulses 
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so rapid that each is set up in the relative refractory period followinj^ the 
preceding impulse, and consequently is subnormal and therefore unable 
to excite the muscle (cf. Kato, 192*9/7, 1929Z>). Lucas (1911-12, 1917) 
suggested that this effect might be a clue to reflex inhibition (cf. Adrian, 
1924). He showed how an internuncial neuron made to conduct im- 
pulses so frequent as to be subnoimal and terminating in a sjmapse which 
subnormal impulses were unable to pass would serve as a block to all 
excitatory impulses which must traverse it in order to cause a reflex 
mspon^'e. 

Further developments of this suggestion, modified to meet the require- 
ments imposed by more recent observations, have been outlined (Forbes, 
1921, 1922; Forbes, Davis, and Lambert, 1930), but it has become in- 
creasingly difficult to fit the hypothesis to the rapidly growing body of 
experimental evidence (Forbes, Smith, Lambert, Caveness, and Derbyshire, 
1933), until the proposed interpretation of inhibition has become so im- 
probable as to be of little more than historical interest. Inhibition pre- 
sents a serious obstacle to the interpretation of reflex functions in terms 
of the all-or-none type of conduction without recourse to a different sort of 
phenomenon. 

Other Reflex Effects, A number of important facts concerning spinal 
reflexes must be accounted* for by any hypothesis relating to the mechanism 
in the spinal centers. Sherrington (1908) observed a balancing of the an- 
tagonistic effects of excitation and inhibition by stimulating simultaneously 
afferent nerves from opposite sides of the animal with graded strengths 
of stimuli. The balancing of opposite central effects seems to show what 
he called an algebraic sunimatiorij the degree of muscular contraction being 
intermediate between the full contraction evoked by the excitatory stimulus 
alone and the relaxation caused by the inhibitory stimulus alone. This 
effect has been especially studied in the case of the extensor muscle, which 
is excited in the crossed extension and inhibited in the flexion reflex. It 
appears that a maximal stimulus, that is, one strong enough to excite all 
the fibers, applied to an afferent nerve evoking the flexion reflex, always 
produced complete inhibition of the extensor, and no strength of excitatory 
stimulus could break through it. Algebraic summation apparently occurs 
only when some of the afferent fibers are not excited ; it apparently depends 
on leaving some of the extensor motor neurons uninhibited (Fenbes, 1921). 
Yet the observations of Creed and Ecclcs (sec Creed, Denny-Brown, Ecclcs, 
Liddell, and Sherrington, 1932), Sherrington (1929), and Forbes, Davis, 
and Lambert (1930) seem to show the possibility of grading excitation 
in the individual motor neuron, as evidenced by balanced excitatory and 
inhibitory effects. 

Various reversals of reflex effect are described by Sherringtem and Scav- 
ton (1911/7, 191 Ji). Interesting examples are the change from reflex 
excitation to reflex inhibition under the influence of moderate chloroform 
anaesthesia, and the postural reversal which Sherrington (1906) and Ma,g- 
nus (1910) have found in certain reflexe.s. The type of response to a given 
stimulus is in some cases determined by the posture existing wlum the 
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stimulus is applied. Thus Sherrington has been able under certain con- 
ditions to evoke flexion in an extended limb by the same stimulus wliich 
evokes extension in a flexed limb. 'L'hcse eftects have been discussed 
(Forbes, 1922, p. 396) in connection with Lucas’ question as to whether 
reflex phenomena confonn to the piinciples of conduction as manifested in 
peripheial nerve, and at that time no cloai evidence was found in them 
demandin^^ the assumption of a ciualitatively difleient function in the 
reflex arc. 

EtiiCTiuc Resfonsk in Gray Matter 

A numbei of lecent rcseaiclu's have revealed elect lic responses in the 
,c:ra5^ matter of the central nervous system which differ in certain featutes 
from those of peripheial neivc trunks. Gasser and Graham (1933), 
leadinji: from the spinal coid and stimulatinji; sensoiy spinal neivcs, recorded 
iirst a spike potential whose duration and other piopcrties identified it 
with the volley of impulses in the axons enteiiim the cord in the doisal 
roots, i.c., tile fibers to which the stimulus was appli(»tl. Followinji; this 
spike was a much slower series of potential changes, devoid of spikes or 
notclies and thercfoic interpreted as marking the activity of a structure other 
tluin the axons. I'lieir evidence suggests that these smooth-contoured 
waves arise in some pait of the internuncial neurons, either in the cell 
body or in the synapse. 

Adrian and Buytendijk (1931) recorded even slower potential waves, 
associated with respiration, in the brain of tlie goldfish and considered 
them the characteristic response of neive cells, or their dendrites, as dis- 
tinguished from axons. 

Application of leading-off electrodes to the cerebral cortex by Bartley 
and Newman (1931), Ferkins (1933), Fischer (1932), Kornmuller 
(1933), and Bartley and Bishop (1933^, 1933/>») has revealed **spontane- 
ous’^ electric disturbances, also of slower time relations than those asso- 
ciated with axons* Tlicsc investigators have also obtained by this means 
responses to optical and acoustic stimuli in the appropriate portions of 
the cortex. 

Evidently there are eh‘ctric responses peculiar to the nervous structures 
in the gray matter. I'he duration of these w'avcs is from U) to 50 times 
as great as that of the spike potential in the more rapidly responding 
axons. If it is established that the nerve center comprises structures whose 
function is essentially different from that of the axon, the slow potential 
changes recorded in the gray matter may well be associated with their 
activity. 


Theoretical Considerations 

In spite of all that has been written it is unknown whether the locus 
of the special properties of the reflex center lies in the highly attenuated 
branches of the axons and dendrites or in the synaptic connection between 
, adjacent cells ox in the cell body, all of which differ histologically from 
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axons, or whether it lies in the combination of all of these structures. 
Sherrington emphasized the conspicuous propert}^ of summation in the 
reflex arc, 'W'hereby repetition of the afferent impulse renders a suhlmimal 
effect supraliminal. He said, “This result is explicable if at some central 
situation there be a structure which is something other than a nerve-fiber, 
and has, unlike nerve-fiber, no absolute refractory phase, and has, as iiave 
many other cell-structures including skeletal muscle-fiber itself, a property 
of sumraating its successive reactions when these are not too far apart in 
time.” He further pointed out that the ionic change, which on the mem- 
brane theory underlies the progress of the nerve impulse, may be expected, 
on reaching the limiting membrane, which may well exist at the synapse, 
to lead to a different condition from that which obtains in the axon. This 
suggestion implies that successive impulses, on reaching the synapse, cause 
a cumulative ionic concentration, which is impossible in the continuous 
nerve fiber. Sherrington denoted the “exciting state or agent” E, but 
was noncommittal as to its nature. He assumed merely that it differs 
from the nerve impulse in that it may be graded in intensity, being built 
up by successive impulses, outlasting them and subsiding more slowly, and 
involving no subsequent refractory phase. Therefore the designation 
of this hypothesis as a “chemical theory” (Fulton, 1926; Gerard, 1931) 
is unwarranted. 

To explain inhibition, Sherrington postulated “a state or agent which 
produces lessening or total disappearance of £,” and this he designated /. 
He suggested that this might be of the nature of diffusion or adsorption 
of the excitation-ions, or “a neutralization of them, chemical or electrical.” 
Reflex inhibition, on this view, would depend on the fact that impulses 
in the inhibitory afferent nerve, on arrival at the synapse, set up the state 
7, which could be graded in amount according to the number of afferent 
impulses, just as E could be graded in the excitatory reflex arc. This 
hypothesis can be very simply applied to the observed facts of balancing 
(“algebraic summation”) of the opposed reflex effects, excitatory and 
inhibitory, in the spinal center, as well as to the facts of summation and 
after-discharge. In the more recent discussions it has been customary 
to denote these hypothetical central excitatory and inhibitory states “c. 
and /. 

More recently Eccles (1931) and Eccles and Sherrington (1931^* 
1931^^ 1931^^ 1931<7) have presented a qtiantity of important new evi- 
dence on the behavior of the reflex centers. They find that in the flexion 
reflex if a second afferent volley follows 5 or 60 - after the first, the reduced 
reflex time of the second response is only O.So-, as compared with 3t/ to 
4(/ in the case of the first. This is taken as evidence that most of tlie 
central delay is due to the building-up of the c. e, s,, the response to the 
second stimulus occurring only in those motor neurons which did not 
respond to the first, but in which the c, e* s. was built up almost to thresh- 
old value. This and other facts point to a “subliminal fringe” com- 
prising those motor neurons in whose synapses the c. e. s. exists but lacks 
sufficient intensity to excite the reflex discharge. Their experiments sug- 
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gested that when reflex dischaige is set up in a motor neuron the i, e. s, 
which has accumulated at the s 5 nnpse is thereby removed. An anti- 
dromic impulse sent up the motor neuron into the center by artificial 
stimulation also removes the ‘'pie-iormed c. e, h'" They accept the mem- 
brane theory of the nerve impulse, and, extending its principles to the 
central stiuctures, argue against the view that the central excitatory state 
can be a chemical substance. 

Adrian and ljuytendijk, on the basis of theii observations on the brain 
of the goldfish, already mentioned, suggest that the nerve cells undergo 
a relatively enduring depolarization of their membranes, which becomes 
a source of stimulation to the axon arising therefrom. In this behavior 
they note the analogy to an injured region at the cut end of a mam- 
malian peripheral nerve, which Adrian (1930) found to constitute a 
sustained source of excitation to certain types of axons in the nerve. 
Although the time relations of the central disturbance in the goldfish 
experiment differ widely from those of the axon response, it is a striking 
fact that the electric sign is similar, and that so close a parallel is found 
in the injured nerve. 

The Oxford school (see Creed, Denny-Brown, Eccles, Liddell, and 
Sherrington, 1932) continues to be noncommittal as to the essential 
nature of the central excitatory state. They contend, however, that it is 
built up by afferent impulses, and that it cannot become supraliminal, on 
the ground that when its intensity reaches the threshold of the motor 
neuron it sets up an impulse therein and in so doing becomes depleted. 
In these respects they liken it to the local excitatory process (Lucas, 
1917), which was originally supposed to consist in a concentration of ions 
at a certain point in the excitable cell. In terms of the membrane theory 
they look on this as a paitial depolarization of the cell membrane, remain- 
ing subliminal for the setting-up of a propagated disturbance until its 
intensity reaches the neuron threshold. Its depletion on initiating a nerve 
impulse in the next neuron likens it to the local excitatory process, which 
has been shown also to be depleted on initiating a nerve impulse (Forbes, 
Ray, and Griffith, 1923). If the e. $. is indeed a depolarization of 
the membrane, the fact that it can be graded in intensity and shows no 
refactory phase differentiates it from the depolarization which on the 
niembrane theory constitutes the nerve impulse in the axon. A consistent 
picture may be conceived if we concede that the central depolarization is 
never supraliminal. 

This view, involving gradations of r. e, s. only in the subliminal range 
of intensities and denying the possibility of its ever attaining a supra- 
liminal value, pbs it of its power to explain the phenomena of after- 
discharge. This fact is recognized by the Oxford school, and in order 
to explain prolonged after-discharge they postulate continued bombard- 
ment of the central structure by afferent impulses approaching through 
delay paths. Rosenblueth (1934a), on the basis of the observations 
already cited (p. 299), emphasizes the heavy demand imposed on neuron 
detours (delay paths) if they are to explain, even with the aid of 
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‘'reverberation,” the most prolonged after-discharges, amounting, in the 
reflexes he observed, to several minutes. He fuither argues that tlie 
continuity of the curve of subsidence of after-discharge and the fact that 
after-discharge is a continuous function of the frequency of maximal 
afferent stimulation cannot be explained on the delay-path basis ivithout 
highly improbable assumptions. Both of these phenomena are easy to 
explain on the basis of chemical mediation (cf. Fulton, 1926, and Samoj- 
loff and Kisseleff, 1927). 

It is tempting to avoid the introduction of additional hypotheses by 
interpreting the r. e, s. on the basis of depolarization, as the Oxford school 
and Adrian and Buytendijk have suggested ; but the recent work of Kib- 
jakow (1933), reinforced by the subsequent observations of Feldberg 
and Gaddum (1933), affords convincing evidence of chemical mediation 
in the transference from cell to cell in the sympathetic ganglia. If this 
fact is indeed established, it would be surprising if the same mechanism 
did not obtain in the synapses of the central nervous system. 

If after-discharge depends on the continued production of a chemical 
mediator, there appears to be a contradiction between this view and 
that of the Oxford school, which ctnitends that the ccntial excitatory 
state cannot become supraliminal. This conflict might be resolved by 
the assumption that the chemical mediator, wlum formed, spreads through 
a central reservoir, at the end of which it acts ujxm the motor neuron. 
At the point wheie it sets up the motor nerve impulse it might be locally 
depleted, as the observations of the Oxford school suggest, its concentra- 
tion falling to zero locally on the initiation of a nerve impulse. The 
total quantity in the reservoir, however, might well remain supraliminal 
and continue to be a source of excitation. 

The assumption here proposed is noncommittal as to what part of the 
central structure is to be identified with the reservoir of the mediator, 
and at what point the motor nerve impulse is initiated- Fcclcs and Sher- 
rington (1931r) argue on anatomical grounds that if a motor neuron 
be excited at any point, either through antidromic impulses from the axon 
or through one of its dendrites, the propagated disturbance traverse 
the entire surface of the cell body and the dendrites to tlieir terminations. 
On this view the mediator would be formed in the end-branches of the 
afferent or internuncial neuron and the motor nerve impulse would be 
initiated at the synapse. But the above-mentioned inference from anatom- 
ical considerations is unproved, and it is conceivable that the antidromic 
impulse stops at the axon hillock. If so, wc might then conceive of the 
formation of the mediator in the cell body and the initiation of the motor 
nerve impulse at the axon hillock. On this view the motor nerve impulse 
would commence at the beginning of the axon, which is the structure 
known to be differentiated for the all-or-none type of response. 

The Oxford school has suggested that inhibition may be due to ihv 
stabilization of the polarized membrane, rendering it more difficult to 
depolarize by the excitatory impulses. It is difficult to see how an 
afferent impulse, presumably the same sort of disturbance as am excita- 
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tory impulse, can exert an opposite effect on arriving at that portion of 
the cell membrane to which it is conducted, unless it does so by causing 
the production of a special inhibitory substance which neutralizes the 
chemical mediator of excitation* Since excitatory and inhibitory sub- 
stances have been established in the effectors of the autonomic system, and 
since there is cogent evidence of an excitatory mediator in the nerve 
centers, it is a simple step to assume such an inhibitory substance in the 
nerve centers as well. This assumption is supported by the evidence of 
Rosenbliielh {\92‘\n) that the inhibitory after-effect, on cessation of the 
afferent stimuli, ma> enduie fully as long as the after-discharge follow- 
ing excitatory stimuli. If we make this assumption, it is probably easier 
to conceive of the interaction of excitatory and inhibitory substances as 
occuri ing in the cell body than in the end-branches of internuncial neurons 
or at tlie sj^iaptic membrane where the latter make contact with the 
motor neurons* 

Perhaps the most plausible w'orking hypothesis at present is that ex- 
citatoiy and inhibitory nerve endings impinging on a neuron liberate in 
the cell body antagonistic excitatory and inhibitory substances respectively, 
and that the resultant concentration of the excitatory substance at the 
axon hillock determines the discharge of nerve impulses in the axon. 

Tonus 

The extraordinary persistence of long-sustained conti action in the exten- 
sor muscles in decerebrate rigidity has led some observers to infer that it 
involves a function, *‘tonus,” quite distinct from contraction which causes 
motion. This problem has been extensively discussed in recent litera- 
ture (Cobb, 1925; Fulton, 1926; Forbes, 1929^z), and the prepondeiance 
of testimony indicates that in the case of skeletal muscle no essentially 
different function is involved in the sustained contraction from that in- 
volved in the execution of movements. There is some evidence that 
certain autonomic nerve fibers may innervate skeletal muscle iibers as well 
as the so-called somatic motor nerve fibers which conduct the impulses 
evoking contraction. This view has been doubted by Hinsey (1927) and 
Bremer (1932). There is further evidence suggesting that if such auto- 
nomic iibers do innervate the skeletal muscle fibers they may possibly exert 
some phy.sicochcmical effect on them, perhaps resembling secretion in 
gland cells, an effect which does not directly evoke contraction but which 
may modify contraction induced through the motor nerves. 1 he testi- 
mony of various observers (Asher and Scheinfinkel, 1928; Bouman, 1931; 
Maibach, 1928; Nakanischi, 1927) is in some respects conflicting, and 
it is perhaps premature to accept the conclusion as established. 
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Gradation of IMotor Activttv 

Since the all-or-none law applies both to the neive inipuUe and to the 
muscle rcirponsc, it is cvulent that gradation in the sticngth ol coiitraction 
must depend cither on tfie number of muscle libers in action or the fre- 
quency of response in each, or on both (Forbes and Gregg, 1915Z>). 
Adiian and Bronk (1929) have recently detcimined the frecjuencie- of 
impulses in the individual motor neuron in the cat in various spinal re- 
flexes. In the flexion reflex the gradation of strength of muscular con- 
traction appeals to depend largely on the fiequency of impulses; this lies 
between 5 and “^0 per second. In the crossed extension reflex the nerve- 
impulse frequency is usually in the neighboihood of 70 per second, and 
gradation depends laigelv on tlic number of fibers participating. In the 
tonic contraction of decerebrrile rigiditv these authors found the fre- 
quency of impulses in the indnidual liber to be in the neighborhood of 
10 to 20 per second. 

It was shown by Forbes and Olmsted (1925) that many of the motor 
neive impulses involved in tlie crossed extension reflex are subnormal, in- 
dicating that they fall in the relrithe refractory period following their 
predeccssois. Fiom this it xvas infeired that the frequency wfis over 300 
per second. 'Fhe subsequent observation by Field and Brucke (1926) 
that the refractory period is gicath prolonged on conlinucil stimulation 
shows that the inference as to frecjuency was not justified and leconciles 
the observations with those of Adrian and Bionk (see Forbes, Barbeau, 
and Rice, 1931). Hie muscle libers may not always follow the fre- 
quency of the motor nerve impulses, but it seems probable that they 
gencrallv do. 

A typical electromyogram, taken fiom the muscles of the human fore- 
arm during voluntary contraction, is shown in Figuic 5r. "^Fhe action 
currents of the muscle-fiber groups arc sometimes synchronized and some- 
times not, conseipienrly the resultant composite picture presents an irregu- 
lar rhythm. 

In the matter of giadation there is an important difference between 
skeletal muscle and smooth muscle, for, \vhereas in skeletal muscle there 
arc independent motor units and gradation depends entirely on the num- 
ber of motor units excited and the frequency of impulses in each, smooth 
muscle is ciiiTcrenllv organized, having no motor units. It has been 
shown that the nerve impulses which activate smooth muscle cause the 
formation of chemical mediators which diffuse from cell to cell throughout 
the mass of the muscle. I'he nerve impulses which liberate the mediator 
are c|uantal in nature (all-or-nonc)» but the substance liberated by them 
is subject to unlimited gradation in its concentration. Thus for the 
smootli muscle as a whole the step-wise increase in response characteristic 
of skeletal muscle is absent. When smooth muscle is excited chemically, 
as by adrenin in the blood stream, there is complete gradation. 
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Integk^tton 

The neivous system m higher animals is characterized not merely by 
the orderly working of definite reflexes, but more especially by the in- 
tegration of these reflexes into adaptive patterns of behavior. As Mac- 
Curdy (1928) points out, an essential in coordination is speed of con- 
duction. That the muscles should efliciently serve the body as a whole, 
it is necessary that the coordinating impulses should travel from the nerve 
centers to the muscles, in much less time than the duration of the con- 
tractions. This result is achieved by the high speed of conduction in 
medullatcd nerve fibers. 

Lennox and Cobb (1028) speak of long-circuiting and encephalization 
as the evolutionarv steps whereby more association neurons, especially those 
of the brain, are intejposed in the reflex path (see Figure 9). These 



Diagram of the Various Neuron Levees Which Play upon the Moior 
Neurons and Cause Contractions in the Muscle 
Afferent impulses may come in from a sense-organ and directly affect the 
ventral horn cell by way of the simple reflex arc (1). The corlico- spinal tract 
(I) sends down highly integrated impulse-complexes which take precedence over 
the simpler ones from the nucleus ruber {R,N,)f the formatio reticularis (F.jR.), 
and the nucleus vestibularis (N, Vestib.)^ which traverse, respectively, the ru- 
i>ro-spinal tract (^), the reticulo-spinal tract (5), and the vestibulo-spinai tract 
(d). But it is the combination of pyramidal {^), extra-pyramidal and 5), 
Vestibular (d), and spinal (/) impulses, all harmoniously playing on the motor 
cell, that causes normal synergic movement 
(From W* O. Lennox and S* Cobb’s “Epilepsy,’^ Med, Monog,, 1928.) 
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developments piovide for delaved response and its modiii cation by virtue 
of experience, and thus lead to intelligent behavior and abstraction. 

Sherrington (1906) has de^clibcd the iriadiatlon of leflevcs. As a 
peiiphcrul stimulus i^ecomes stionger, the centiai effect beu^mes greater, 
which means, in view of the ail-or-none law, tliat mtjre impulses reach 
the center in a given time. An inteiestmg consequence of this mcicase 
is the spread of reflex activity into relatively remote centers m the nervous 
system. For instance, associated wnth a powxiful flexion reflex is not 
only extension of the crossed hind limb but extension of the forelimb 
on the same side and flexion of the forelimb on the opposite side. This 
coordinated potter n pla\s a significant part in the act of w^alking. Other 
instances of integiation aie the postural effects described by Rdagnus 
(1910). Proprioceptive impulses arising in the neck muscles, and de- 
pending on their postuie, modify tlic postural reflexes in the limb muscles 
and to some extent their response to local afferent stimuli. As previously 
stated, a possible inteipietation of postural reversal in terms of Wedensky 
inhibition has already bet*n proposed (Forbes, 1922). MacCurdy (1928) 
has criticized this prop(»sal on the giound that it not only depends on 
fixed freijuencies of impulses in tlie center hut also fails to account for 
the increased activity of the extensor centeis caused by impulses from 
the hind-biain in decerebrate rigidity. "Phe latter dlfflculty can be met 
by assuming that the impulses from the brain appioach the motor neurons 
through another path and thus do not add to the frequency of impulses 
in that channel of approach wherein the inhibitory interference of im- 
pulses is assumed to occur. On the other hand, the effect might be 
more simply interpreted on Sherrington's assumption of an excitatory 
state which neutralizes the inhibitory state. 

We may conclude that no decisive evidence has been offered to prove 
that after-discharge, summation, inhibition, and other reflex functions 
reveal anything whicli cannot be interpreted in physical terms, either on 
the basis of I^ucas' suggestion as to the arrangement of qualitatively simi- 
lar nerve impulses or on Sherrington's suggestion of a balancing of excita- 
tory and inhibitory states. 

The introduction of ti “vital force" to replace the operation of physical 
law in the functioning of living matter seems to arise from two causes, 
the staggering complexity which the behavior of living matter presents and 
a natural unwillingness to place those faculties which we cherish in our- 
selves on the same level with machines. 

The difficulty arising from the complexity of organisms is due largely 
to the attempt to make excessively simple explanations fit the behavior of 
structures whose intricacy should warn us at the outset of the improbability 
of finding any complete explanation with the means at our disposal 
Clearlj^ with many millions of nerve cells in the gray matter, each present- 
ing a bewildering array of branching fibers for connection with other cells, 
there is room for prodigiously complex activity through the mere factor 
of arrangement, even if the underlying activity is always the same in 
kind. It is true, as MacCurdy says (1928), that “no adequate mechan- 
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istic explanation of reflex phenomena has ever been achieved”; but a 
completely adequate explanation would require virtual omniscience (cf. 
Forbes, 1929Z^). 

The second cause of the “\itaiibt” point of view rests on a confusion of 
the means with the end. It seems to me that tlie only sound method when 
dealing with the material aspect of living matter, as we must in objective 
physiology, is to treat it consistently on a physical basis. This position 
is best expiessed by Llo\il JVIoigan (1901), “IVIonism regards nature and 
experience as one and indivisible, and all apparent dualism, as a dualism 
of aspect, distinguishable in thought, but indissoluble in existence.” The 
application of this vievv to biolog\ has been discu-sed elsewhere (Forbes, 
1927) and is admirably set forth in the closing chapter of Hill’s Living 
Alachinef r. 

The fact that music is transmitted to the ear by sound waves and nothing 
but sound wa^'cs — physical events not only analyzable but reproducible — 
does not rob it of its beauty or any other attribute essential to its musical 
nature. The character of the music depends on the arrangement of the 
sound waves. To explain how afferent nerve impulses evoke efferent im- 
pulses, we need not assume in the center a vital force which cannot be in- 
terpictcd physically. But to understand the broader significance of be- 
havior we must recognize the fact of arrangement or integration. Just as 
the arrangement of sound waves enables them to, express something to whose 
meaning the physical analysis of the waves themselves gives no clue, and 
as an author uses ink and paper to express thoughts depending on the par- 
ticular distribution of the ink, so the nerve impulses and elementary re- 
flexes, by virtue of their integrated arrangement, serve the purposes of 
conscious life. 


Summary 

1. The protozoa possess, within the limits of the single cell of which 
each animal consists, all the functional properties essential to life. In the 
metazoa, the evolution of the neuromuscular system, which is the chief 
basis of active behavior, begins with the differentiation of muscle cells, 
whose function is contraction. Next appear piimitivc nerve cells, which 
receive stimuli and, being differentiated for the purpose of conduction, 
transmit impulses to the muscle cells and thus evoke appiopriate motions. 
Fiom this simple beginning we can trace the development of the nervous 
system to the vertebrate pattern, in which receptor cells are connected 
through afferent nerve libers with spinal and cerebral nerve centers (ad- 
justors), and these, in turn, are connected through motor nerve libers with 
muscle cells and other types of effectors. 

2. The effectors, by which the animal reacts upon its environment, 
are of various types, the most important of which are ciliated cells, glands, 
and muscle cells. 

3. The functional properties upon which the working of the neuro- 
muscular sy^'stem depends are excitability, conduction, and (in the case 
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of muscle) contraction. Excitabilit}” and conduction aie common to nerve 
and muscle. In spite of the structural and functional differences between 
these two hii^hl> specialized tissues, the fundamental natuie oi the oropa- 
jrated disturbance is the same in both. This communit}^ of function is 
shown by the nature of electrical excitation, by the electnc response, oi 
action current, wliich marks the pi opaj^ation of the disturbance nlon^ tiic 
active fiber, by the refractory phase, which follows the disturbance, and 
by its all-or-none character. 

4. The all-or-none law is an iinpoitant feature of the functional re- 
sponse in ncive and in striated muscle. According to this law, the re- 
sponse in a single functional unit, although it may vary in size according 
to the condition of the tissue, cannot be varied in size or character by 
varying the stiength of stimulus. If the stimulus be adequate, the re- 
sponse will be as huge as the tissue is capable of yielding at the moment. 
Cjradation of both sensory disturbance and motor response depends on the 
number of nerve fibers involved and the fiequency of impulses in each 
fiber. Idle usual frequencies found in those neural discharges which have 
been so far investigateil lie between 10 and 100 pei second, 

5. Jn both nerve and muscle, functional activity involves metabolism, 
as shown by heat production, consumption of oxygen, and production of 
COii. In this r(‘spect there is a great quantitative difference, for the 
amount of metabolic activity in nerve is so much smaller than in muscle 
that only the most refined of modern methods have sufficed to measure 
it. Coricspondingly slight is fatigue in nerve; }et it has recently been 
demonstrated and found to resemble qualitatively fatigue in muscle. ^ 

6. Musculai contraction invoIvc*s the tiansfoinuition of chemical into 
mechanical energy. Cilycogen furnishes the energy which thitiugh a chain 
of chemical reacthms results in the devcdopmcnt of tension and liberation 

of heat. ^ , > r 

7. dlie action of autonomic neives in causing contraction of smooth 

muscle has been shown to involve chemical mciliatois. 

8. 'rhe functions of the nerve centers, in which they differ from the 
conducting axons in peripheral nerves, are typified in the spinal reflexes. 
Numerous evident differences have been described by investigators, notably, 
in the case of the reflex, greater fatigability and^ susceptibility to drugs, 
irreversible conduction, and the presence of after-discharge, summation, and 
inhibition. 

9. Many hypotheses have been proposed to explain the functions 

peculiar to the refl<»x center. Some of these, based on the observation 
of electric disturbancevs, similar in sign, but of slower time relations 
than the action potential in the nerve trunk, involve the conception^ of 
a partial depolarization of the cell membrane. Recent evidence points 
to the probability of the release of chemical substances as the basis ox 
central excitatory and inhibitory effects. ^ 

10. Tonus is a state of sustained contractile tension m a muscle. It 
has been believed bj'' some to involve a different kind of function from 
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contraction, but most of the evidence indicates that there is no essential 
qualitative difference between tonic and other forms of contraction, 

11. Integration in the central nervous system, whereby the impulses 
in the constituent neurons are made the vehicle of the higher activities 
of man, is a matter of arrangement and interaction. It is not necessary 
to assume that it involves a “vital foice.^’ 
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CHAPTER 4 


THE LABYRINTHINE AND POSTURAL 
MECHxANISMS 

J. G. Dusser de Barenne 

Yale JJiuvejstiv 
Introduction 

The vestibular apparatus in the internal ear is one of the important 
receptors, thou^ii only one of several, reflcxly infliiencinc: equilibrium and 
posture of the animal body. 

In all veitebrates from the selachians upward the vestibular apparatus, 
or lahvrinth, as distinguished from the cochlear or auditory part of the 
inner ear, consists of the three semiciicular canals with their cristae and 
ampullai^ receptois and of the sacciilus and utncuLus with their maculae 
and otolithic icceptors. The utricular otolith is called lapilltts, the sac- 
cular otolith saghtru In fishes, amphibians, and birds the sacculus shows 
a local dilatation, the lagvna, with a separate macula. Of the mammals, 
only the lowest, the monotremata, have a lagena; in all other mammals 
it is absent. 

’ The receptors in the cristae and maculae consist of more or less cy- 
lindrical sensory epithelial cells around which begin the lamifications of 
the afferent peripheral vestibular neurons, which have their bipolar gan- 
glion cells in the ganglion of the vestibular nerve. I'he axons of these cells 
enter the medulla as fibers of the vestibular nerve and end around the 
cells of the primary vestibular nuclei. 

Each of the sensory epithelial cells carries a long extension, a sense-hair. 
These cilia are embedded in a gelatinous mass, which covers the surface 
of the crista or macula. Whether the hairs are free in canals in the 
jelly, as Kolmcr (1923) claims, or not, is questionable. In the cristae 
the gelatinous mass covering the sensory epithelium is called the cupula; 
It is cone-shaped and protrudes through the whole width of the ampullar 
cavity, touching its opposite wall and thus blocking the ampulla and the 
canal (Steinhausen, 1931^, 193U, 1932^, 1932*, 1933r/, 1933*). The 
shape of the macular otoliths is different: they are oblong, and thinner 
than the cupulae; their surface is curved (dc Burlet and Koster, 1916; 
de Burlet and de Haas, 1924). The gelatinous mass covering the macu- 
lar epithelium is covered^ with small crystals of microscopical dimensions, 
the statoconia or otoconia. For details regarding the macroscopical and 
microscopical anatomy of the labyrinth see Alexander (1923) and Kol- 
mer (1923). ^ 

Darwin (1794), and Purkinje 
Uo/U; had already studied some of the subjective and objective phe- 
npmena (vertigo, nystagmus, falling reactions) observable during and 
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after rotation and had found the importance of tl.e po^ilion Ok the beacf 
during rotation, ve^tibular plij biology may be con^ldtleJ a> having begun 
with the experiments of Flourcns (1824, 1842) in udiich he damaged 
or destroyed the membraiujus semicircular canait> in pigeons and rabbits. 
These lesions resulted in forced movements of the head and body \rhich 
bore a distinct relation to the canals which were damaged — the desti ac- 
tion of the horizontal canals, ior instance, resulted in forced movements 
of the head in the horizontal plane. Flourcns interpreted these symptoms 
as showing llirit the semicircular canals exert a * ^modifying force"’ on the 
movements of the animals. This, of course, is a quasi-explanation, actu- 
ally denoting ignorance of the true functions of the labyrinth. Flourcns" 
observations weie confirmed in the mam points by Harless (1864), Brown- 
Sequard (1853), Czermak (1879), Vulpian (1866), and others. All the 
authors explained the reactions of the animals as being due to some kind 
of acoustic perceptions. In 1816 Autenricth claimed that the semicircular 
canals wer(‘ the organs utilized in the perception of the direction of sound 
and this view remained prevalent until Goltz in 1870 pointed the way 
to the modern conception. In a short, important paper this author stated 
for the first time the fundamental division of the internal ear into two 


different parts: (1) an auditory part, the cochlea, and (2) the laby- 
rinth, which he claimed to be ‘^a receptor for the equilibrium of the head 
and indirectly of the body,” although he did not exclude the possibility 
that this pait of the internal ear might also have some auditory function. 

Late in 1874 and early in 1875, separated by an interval of only a 
few weeks, three fundamental papers were published independently by 
Mach (1874), Breuer (1874), and Crum Brown (1875), in which each 
of these authors gave an almost identical explanation of the functions of 
the cristuc of the semicircular canals, namely, that movement of the endo- 
lymph during positive and negative acceleratory movements stimulates the 
ampullar nerve endings and thus gives rise to the subjective and objective 
vestibular phenomena. Mach at first conceived, just as Breuer and Crum 
Brown did, an actual movement of the endolymph as the adetiuate 
stimulus, but changed his view the next year for the conception that the 
acceleratory momentum of the endolymph, working as pressure, acts direct- 
ly as a stimulating force upon the ampullar receptors. 

We need not go into the details of this much-debated controversy; the 
work of Rossi (1914, 1921), Maicr and Lion (1921), and others, and 
especially the recent observations and photographs of Steinhausen, in which 
he demonstrated the existence of actual movements of the cupulae in the 
living animal (pike) under acceleratory and caloric stimulation of the 
semicircular canals, have settled this point definitely. 

Important also is the second paper by Breuer (1875), in which he dif- 
ferentiated between the receptors in the ampullae of the semicircular canals 
and the receptors in the maculae (of the sacculus and utriculus), stating 
that the ampullae are the receptors for the reflexes due to rotations and 
that the maculae are the receptors for those reflexes which he called “posi- 
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tional reflexes^’ {Reflexe dcr Lage)^ i.e., those due to to the position of the 
head in space, and for reflexes upon progression movements. 

Hogyes (1881) was the first to stud)^ various rotatory and post-rotatory 
reflexes on the eye muscles with graphic methods and to attempt the locali- 
zation of these reflexes in the central nervous system. In 1892 Ewald pub 
lished his well-known monograph on the physiology of the labyrinth of 
the pigeon. In many respects his technique has been, and still is, exemplary. 
In 1907 Barany introduced the physiologically and clinically important 
method of caloric -vestibular stimulation through the syringing of the exter- 
nal auditory canal. The outstanding contribution to vestibular physiology 
during the first quarter of this centur> is undoubtedly the work of Magnus 
and his school, culminating in his monograph on Korperstelhing of 1924. 

Important lecent contributions to human vestibular physiology are those 
of Dodge (1904, 1921^, 192U, 1923^. 1923Z», 1923c) and of Fischer 
and his co-workers, especially Wodak. Fischer (1928) has given a very 
instructive leview of this field in his monograph on D/e Regulat/onsfiuik- 
ito /1 des memchlichen Labyrinths. See also the monograph by Grahe 
(1926). ^ 

Attention should be drawn also to the recent work of Tait (1926), 
Tait and McNally (1925, 1929^, 1929^), McNally (1932, 1933), and 
McNally and Tait (1925, 1933) on the frog, in which section of the 
branches of the vestibular nerves to each of the receptors, separately and 
in all possible combinations, was performed with meticulous care and 
operative skill, and the physiological results investigated. Versteegh 
(see de Kleijn and Versteegh, 1927) was the first to succeed in isolated 
transection of the utricular nerve in the rabbit. Lorente de No^s contribu- 
tions (1925, 1926, 1927-28, 1927, 1931) to the physiology of the laby- 
rinthine ocular reflexes and their neural pathways in the brain-stem should 
be mentioned also. The last contribution which I wish to mention here is 
the demonstration of the cupula and its movements during rotation and 
caloric stimulation in the living animal by Steinhausen. 

These, I think, are some of the highlights in vestibular physiology. 

Methods 

The functions of the vestibular apparatus can be studied by the same 
methods as are used in other domains of physiology, namely, by excitation 
and by elimination. Vestibular sibnulation can be effected either by ro- 
tation or rectilinear movements, or thermically, mechanically, or electri- 
cally. Rotation and progression are the physiologically adequate forms of 
stimulation for the receptors in the ampullae; only acceleration acts as 
a stimulus by actual displacement of the endolymph and the cupulae, thus 
giving rise to excitation of the ampullar receptive nerve endings. 

Important from the physiological and clinical points of view is the 
caloric stimulation by simple syringing of the external auditory canal with 
water above or below body temperature. This method permits the in- 
vestigation of each labyrinth separately without the necessity of any oper- 
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ativc exposure of the internal ear. Local heat application lo exposed 
individual semicircular canals has also been used in phvsioloj<ical research. 

The mechanical stimulation of the separate canals has been extensively 
used by Ewald (1892) in his classical experiments with the ‘‘pneumatic 
hammer.” This method has also been used recently by Steinhausen. 

Electrical stimulation is usually accomplished by transversal p;alvaniza- 
tion of the posterior part of the head or by galvanization of the individual 
exposed canals. 

For the elimination of the labyrinths various procedures may be fol- 
lowed. In many of the laboratory animals (guinea pig, rabbit, cat, and 
dog) the ventral approach through the bulla ossea is the best [Hdgycs 
(1881); for a full description see de Kleijn (1912)]. In the monkey 
the approach is made through the mastoid, as in man. In the guinea pig 
the labyrinth can be temporarily eliminated without damage by injection 
of a small amount of S-lO-per-ccnt cocaine solution through the tympanic 
membrane into the middle car (cavum tj^^mpani). This method of phar- 
macological elimination can also be used with the rabbit and the cat by 
injection of cocaine solution into the labyrinth through the tympanic cavity 
and the round window; this, however, obviously incurs damage to the 
labyrinth. In the case of the frog the best and easiest method is the 
route through the loof of the mouth (Schrader, 1887). For the methods 
involved in the isolated tiansection of the nerves to the individual laby- 
rinthine receptors see McNally (1932, 1933). 

The Labyrinthine Reflexes 

Since Breuer’s work it has been customary to divide the various laby- 
rinthine reflexes into two main groups: the statokinetic and tlie static 
reflexes. 

The statokinetic reflexes are those labyrinthine reflexes elicited by active 
or passive movements of the head or of the whole animal. However, 
it is not the movement as such, i.c., not velocity, that is the stimulus, but 
rather changes in velocity, i.e., acceleration. A change frcjm rest to move- 
ment or fiom movement to rest, or a change from a greater to a lesser 
velocity or vice versa, acts as a stimulus, if a rotation or rectilinear move- 
ment is uniform over a sufficiently long period tlie reflexes occurring at 
the onset of this movement pass off. A well-known example of an ob- 
servation of this kind is the cessation of the perception of rotation if the 
rotation is continued long enough at uniform speed. 

Thus positive or negative acceleration, either angular or rectilinear, is 
the stimulus in this group of labyrinthine reflexes; they may be called, 
therefore, the labyrinthine acceleratory reflexes. 

The second group, that of the static reflexes, is characterized by the 
fact thsit, rather than through acceleration, these reflexes are elicited 
through the position of the head, he., the position of the labyrinths in 
space. Therefore, they may be called the labyrinthine positional reflexes. 
Whereas the acceleratory reflexes are transient — some of them even abrupt, 
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dying away soon after the cessation of the acceleration — the positional 
reflexes are “tonic”; they persist as long as the position of the labyrinths 
in space remains unchanged. 

These reflexes play an important role in the posture of animals, i.e,, 
in the integration of the neivous mechanism through which normal pos- 
ture of the body is effected. It must be kept in mind, however, that 
equilibrium and posture in animals aie by no means regulated exclusively 
through mediation of the labyiinths; other nervous mechanisms are also 
active in this respect (see p. 214). 

The impulses originating m the various receptors of the labyrinth (s) 
are transmitted to the central nervous system along the vestibular nerve (s) 
and flow back to the pcripheial effectors along various pathways. Most 
important among these effectois are the striped muscles of various parts 
of the body — the external muscles of the eye, controlling the position of 
tile eyeballs; the muscles of the neck, regulating the position of the head; 
and the muscles of the limbs and the trunk. 

Autonomic effectors also can be influenced by labyrinthine impulses. 
This is evidenced by the occurrence of vomiting duiing or after vigorous 
rotation. In recent years many direct observations on changes in heart 
rate, bloody pressure, and movements of the intestinal tract during ves- 
tibular excitation or after elimination of the labyrinths have been made 
known (Spiegel, 1926, and his co-workers ; Le Heux and de Kleijn, 1931 ). 

We shall now begin our discussion of the various labyrinthine reflexes 
according^ to the division given below. The two fundamental groups 
were distinguished by Breuer. The further subdivision is based on the 
fundamental ^vork of Magnus and his school. It was thouglit advisable, 
however, to give a rearrangement of the various groups, differing from 
the grouping given by Magnus and de Kleijn, and to biing under the 
heading “accclcratory reflexes” those groups of reflexes in which it can 
safely be assumed at present that movement of the endolymph is the ex- 
citatory factor for the receptive vestibular nerve endings. 

In the reflexes upon electrical (galvanic) vestibular stimulation another 
mechanism is probably involved, at least primarily, namely, direct elec- 
trical stimulation of the nerve endings or of the vestibular nerve fibers 
themselves. Some authors claim that endolymph currents also occur under 
galvanic stimulation of the canals. It was thought peimissible, therefore, 
to include these reflexes under Group I rather than to put them under a 
separate heading. 

We thus come to tlie following division of the various labyrinthine re- 
flexes : 

L Acceleratory reflexes (statokinetic reflexes, “Reflexe auf Bewegung” 

of Breuer) 

A* Reflexes vpon rotational (angular) acceleration 

1. On the muscles of the eye(s) 

2. On the muscles of the neck 

3. On the muscles of the limbs and the trunk 
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B, Reflexes upon linear acceleration 

C, Reflexes upon caloric stimulation 

D, Reflexes upon mechanical stimulation 

E, Reflexes upon electrical stimulation 

II. PoMonal Reflexes (static reflexes, “Reflexe der ot Rreuer) 

Tonic reflexes on the eye muscles (compensatory de\iationb of 
the eye[s]) 

B, Tonic reflexes on the niuscles of the neck (head) 

C, Tonic reflexes on the muscles of the limbs and the trunk 

D, Labyrinthine righting 7‘e flexes (Magnus) 

1. Labyrinthine Acceleratory Reflexes 
A. Reflexes upon Angular A cceleration 

1. Reflexes on the eye muscles. The t 5 pical reaction upon lotation 
on the eye muscles in vertebrates is vestibular eye nystagmus. The pri- 
mal y reaction is a slow deviation of both eyes in the direction opposite 
that of the rotation. This slow phase of vestibular eve nystagmus can 
be seen in fishes (Lee, 1892, 1894-, 1894-95; Kubo, 1906; Maxwell, 1923, 
1920^G 1920/^; and others), but is more obvious and constant in higher 
vertebrates, especial] y in mammals. When the e}es have moved in the 
direction of the slow deviation they leturn tovaid tlie noimal position 
with a quick, jerky movement. Typical vestibular nystagmus elicited 
through excitation of the vestibular receptors thus consists of alternating 
slow and quick movements of both t^es. because the diicction of the 
quick phase usually can be determined much more easily than the direc- 
tion of the initial slow phase, it has become accepted in vestibular physi- 
ology’' and clinical studies to denominat(i the diicction of the nystagmus 
as that of the quick phase. Thus rotation to the left (with the head 
of the human subject flexed about 20'* ventrally) elicits a (mainly) hori- 
zontal nj'stagmus to the left. 

Usually tlirce types of vestibular nystagmus are distinguished: horizon- 
tal, vertical, and rotatory, 'lire direction of the nystagmus depends upon 
the position *of the labyrinth (s) in space during the vestibular stimulation 
and upon tfiis stimulation as such. 

Vestibular nystagmus is essentially a brain-stem reflex. It can be 
elicited in the decerebrate animal and after extirpation of the cerebellum. 
Hdgyes (1881) has shown that it can also be elicited after transection 
of a nciiraxis at the level of the calamus scriptorius. This narrows down 
the centers necessary for the production of typical vestibular nystagmus 
to the portion of the brain-stern between the posterior colliculi and the 
medulla. De Kleijn has shown that normal vestibular nystagmus can 
be induced in rabbits even when the oculomotor and the trochlear nuclei 
have been eliminated by posterior decerebration and all external eye mus- 
cles extirpated with the exception of the abducens. This experiment is 
not quite conclusive, since Dusser de Barcnnc and de Kleijn (1928) later 
found that the four slips of the retractor bulbi muscle in the rabbit (usually 
innervated by the sixth cranial nerve) suffice to produce normal vestibular 
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nystagmus. De Kleijn’s experiment should, therefore, be repeated after 
extirpation of the retractor bulbi muscle. There is little doubt, how- 
ever, that in such a revised experiment the lesult would be the same as 
it was in de Kleijn’s original experiment since de Kleijn and Schenk 
(1931) have elicited rotational vestibular n^^stagmus with quick and slow 
phases in an anencephalic child in which the cerebral hemispheres, the 
cerebellum, and the anterior parts of the brain-stem with the oculomotor 
and the trochlear nuclei were absent and in which onl 3 '’ the posterior 
portion of the brain-stem, containing the abducens nuclei, was present; 
of the ocular muscles only the abducens was present in each eye (in man 
a retractor bulbi muscle is not piescnt). One must realize, however, 
that these experiments, with lecording of one or tw'o eye muscles after 
the method of Bartcls-Topolanski, give only an incomplete picture. Under 
normal conditions the mechanisms involved are much moie complicated 
as follows from the fact shown by Loicnte de No and by Dusser de Ba- 
renne and de Kleijn that all wsix external c}e muscles and in the labbit also 
the four retractor slips participate in the production of a vestibular n\stag- 
miis. 

It is generally accepted that the slow phase of vestibular nystagmus is 
a reflex elicited through the vestibular stimulation carried along the ves- 
tibular nerve and its bulbar nuclei to the nuclei of nerves for the eye 
muscles and to the eye muscles themselves. The origin of the quick phase 
is much debated as yet. 

In 1883 Bechterew found that in the dog a typical vestibular nystagmus 
with slow and quick phases appears if first one labyrinth is extirpated 
and then, after a few weeks, the second labyrinth. During the interval 
between the two labyrinthectomies the nystagmus due to the first opera- 
tion vanishes. The nystagmus appearing after the extirpation of the 
second labyrinth is of the same direction as that following the first laby- 
rinthectomy. This is Bechterew's compensatory nystagmus. The occur- 
rence of this type of nystagmus has been regarded by Magnus and de 
Kleijn (1926^z), Spiegel and Sommer (1931), and others as strong evi- 
dence against Maupetits (1908) view that the quick phase is a labyrin- 
thine reflex. I cannot accept this objection to Maupetit's view, although 
I agree that it is probably incorrect. From Bechterew's results we should 
then have to conclude also that the slow phase cannot be of vestibular 
origin. So far as I can see, the conclusion to be drawn from his results 
should be that in that type of nystagmus both pluises, the quick and the 
slow, are of central origin, produced by unbalanced activities of the cen- 
tral neural mechanisms, just as is any nystagmus which is elicited by some 
means in an animal which is bilaterally labyrinthcctomized [lesion of 
the vestibular nuclei in the brain-stem (Spiegel and Sato, 1926) or gal- 
vanization of the head (Grocbbels, 1922)]. Tho main objection to Mau- 
petits thesis is the fact that on habitual rotation the quick phase dis- 
appears gradually, whereas the slow phase, expressing itself then as a slow 
(Dodge, 1921i). This indicates that the mechanisms 
01 the two phases are different and that, while the slow phase is un- 
aouDtedly a vestibular, reflex, the quick phase is probably of central origin. 
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It has also been claimed (Bartels, 1910 <j^ 1910Z>^ 191ir/, 191 1Z>; Marburg;, 
1912; Brunner, 1919, 1921) that the quick phase is a propiioccptive re- 
flex, originating in the eye muscles through tlie proprioceptive impulses 
set up by their contraction during the slow phase of nystagmus. This 
view is certainly incorrect for de Kleijn has shown that after novocainiza- 
tion of the eye muscles, -which eliminates the proprioceptive impulses, 
typical vestibular nystagmus with a slow and a quick phase can still be 
elicited. 

Granting, then, that the quick phase is probably of central origin, as 
Barany (1906), Kdllner and Hoffman (1922), Dodge (1921^), Mag- 
nus and de Kleijn (1926Z>), Fischer (1928), and many others think, 
there is still the problem of whether it originates in the vestibular nuclei, 
as Spiegel claims, in the nuclei of the eye muscles, or in other centers 
of the brain-stem. This question is still unanswered. However, we can- 
not enter here into a discussion of this complicated problem. 

For a discussion of the vestibular pathways in the brain-stem and allied 
problems the reader is referred to Lorente de No’s papers. 

The direction of the rotational n5^stagmus varies with different positions 
of the head of the animal in space and also depends upon whether the 
animal is one in which the eyes arc placed in the sides oi in the front 
of the head. For particulars see Magnus and de Kleijn’s papers (1923). 

The reflexes discussed here are those which appear upon positive rota- 
tional acceleration. Reflexes which occur upon negative rotational ac- 
celeration are w^cll known and have been even more extensively investi- 
gated than the rotational reflexes. To this group belong all the phe- 
nomena observable at and after cessation of a rotation. Probably the 
post-rotational eye reflexes were the first vestibular phenomena observed. 

The earliest convincing quotation on post-rotational nystagmus which 
I have been able to find is in an interesting booklet by William Charles 
Wells (1792) — An Essay upon Single Vision with Two Eyes together 
with Experiments and Observations on Several Other Subjects in Optics 
— on page 97 of which one finds this statement: 

To have the same thing proved in another w-ay, I desired a person to 
turn quickly around, till he became very giddy; then to stop himself 
and look steadfastly at me. He did so, and I could plainly see, that, 
although he thought his eyes were fixed, they were in reality moving 
in their sockets, first toward one side, and then toward the other. 

Interesting also, though not quite as clear in their direct connection 
with post-rotational nystagmus, are his observations on pages 95-97, im- 
mediately preceding the quoted passage; these have to do with pseudo- 
motion of objects in the field of vision after violent rotation. There 
Wells describes the opposite pseudo-motion after rotations in opposite di- 
rections as well as the influence upon these motions of different positions 
of the head. He concludes that these apparent motions of still objects 
must be caused by involuntary eye movements. 

The post-rotational nystagmus has also a slow and a cjuick component, 
the directions of which are opposite to those of the slow and ciuiek phases 
of the nystagmus during rotation; the slow jerk of the post- rotational 
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nystagmus is in the direction of the previous rotation, its quick component 
in the opposite direction. The intensity of the post-iotationai nystagmus 
is very different, not only in vaiious animals, but even in the same animal 
on different days under strictly similar conditions of rotation fDusser de 
Barenne and de Kleijn, 1923). In observations on rotational and post- 
rotational nystagmus it is essential to e'ccludc visual stimuli, at least in 
the higher animals. In fishes no evidence of interference of visual or 
optical stimuli with these vestibular relieves has as yet been found ; in 
regard to amphibians the statements in the liteiature ai‘e contradictory. 
In birds (pigeons) visual stimuli certainly have a lole, w^hilc in the mam- 
mals which have the eyes situated laterally in the head (guinea pigs, rab- 
bits) these optic stimuli do not seem to plav an important idle. In the 
higher mammals whose eyes arc frontally placed, however, the influence 
of optical stimuli becomes very troublesome and must be excluded in any 
study of vestibular reflexes. Rotation or rectilinear motion of the enviion- 
ment gives rise to typical nystagmus: the ^\eIl-knovvn optic nystagmus. 

Steinhausen (]9^la, 1931Z>^ 1933) has succeeded in malcing visible the 
cupula on the ampullar ciistae in the suivlving t^reparation of the head 
of the pike and in the living pike by injection of a minute quantity of 
Chinese ink into a semicircular canal. In this way he could show' that the 
cupula actually moves during rotation and caloric labyrinthine stimulation. 
He found that an abrupt lotation to the left over only a small angle, with 
the head in the normal position, gives rise to a short, quick deviation of the 
cupula in the ampulla of the left horizontal canal toward the utriculus (am- 
pullopetal current) and results in a deviation of both e 5 ^cs of the animal 
to the right. If the rotation to the left is sustained, a more lasting 
deviation of the cupula occurs simultaneously with a horizontal nystagmus 
of the eye with the quick component to the left. With mechanical stimu- 
lation Steinhausen showed that the effect was the same whether the devia- 
tion of the cupula was caused by pressure on one side of the cupula or by 
suction on the other side. 

Steinhausen^s observations and calculations are in agreement with the 
important mathematical investigations of Schmaltz (1924, 1925r/, J925//, 
1927, 1932), to which the reader is referred. 

The observation that deviation of the cupula toward the canal (am- 
pullofugal current) is not followed by eye movements in the pike is in- 
^resting (see page 218 for asymmetry of effect of electrical stimulation). 
Ewald (1892) had found in his “hammer*’ experiments that an am- 
pullopetal current in the horizontal canal of the pigeon elicits stronger 
reactions than an anipullofugal current. For the anterior and posterior 
canals he found that an ampullopetal current excites less than an am- 
pullofugal current. This difference led him to conclude that in the case 
of the anterior and posterior canals the ampullopetal current of the endo- 
lyj^h oxerts an inhibitory influence. 

The assumption of Mach and Crum Brown that the ampullar receptor 
or a canal is excited only through rotation in one direction and that of 
the corresponding canal only by rotation in the opposite direction is in- 
correct Jireuer has shown that after unilateral labyrinthectomy a blinded 
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pigeon reacts with deviation of the head on rotation in either direction. 
This has also been observed in mammals. De Kleijn and Versteegh (1933) 
have found that in a unilaterally labyrinthectomized rabbit in which also 
the ampulla of the posterior canal of the other labyrinth was destroyed 
(leaving only two canals) post-rotational nystagmus in all three directions 
(horizontal, vertical, and rotatory) could be elicited. These observations 
prove the incorrectness of the almost generally accepted assumption that 
each ampullar crista is responsible for nystagmus in one particular direction. 

After extirpation of both labyrinths these rotational and post-rotational 
reflexes can no longer be elicited, provided optical stimuli are excluded 
(Hogyes, 1881). 

The two labyrinths are not stimulated equally during and after rota- 
tion. This can be shown in the following way; After unilateral ex- 
tirpation of one labyrinth, for instance the left one, an animal will show 
a spontaneous nystagmus (with the quick phase toward the left), which 
gradually disappears in the course of a few days, the length of time vary- 
ing in different species. If, after cessation of this spontaneous nystagmus, 
such an animal is rotated, for instance to the right, the rotational nystag- 
mus is strong, the post-rotational nystagmus weak. After rotation to the 
left, the rotational nystagmus is weak, the post-rotational nystagmus strong. 
This shows that, in the intact animal, during the rotation to the right the 
rotational nystagmus is predominantly produced through the excitation of 
the right labyrinth, the post-rotational nystagmus through the excitation 
of the left labyrinth. 

^ Innumerable investigations have been made on human subjects. Posi- 
tive and negative angular accelerations give rise to opposite rotational 
perceptions, as has been known since the work of Purkinje (1820), Mach 
(1875), Breuer (1874, 1875, 1891), and Crum Brown (1875). 

Wodak and Fischer (see Fischer, 1928) have described the occurrence 
of several periods of rotational illusions after vigorous uniform rotation. 
They could perceive up to six or seven positive and negative phases fol- 
lowing each other alternately and gradually becoming smaller and smaller. 
The total duration of these fluctuating, antagonistic illusions may be as 
long as 15 to 20 minutes. Dodge {\92lb) observed two such post-rota- 
tional illusions of rotation after less vigorous rotation. It is hardly con- 
ceivable that these subjective phenomena should be caused by pendular 
currents of the endolymph; their probable explanation is the assumption 
of gradually declining, fluctuating after-discharges of central processes in 
the vestibular centers or other parts of the central nervous system (Fischer 
and Wodak, Dodge). 

The threshold for rotational perceptions lies at an acceleration of 1-2® 
per second (Mach, 1875; Mulder, 1908; Dodge), 

Different positions of the head during rotation around a vertical axis 
result, in the human subject, in entirely different rotational perceptions, 
i.e.,^ the apparent plane of rotation is quite different with different head 
positions. With the horizontal canals in the horizontal plane, which is 
the case when the head is tilted slightly forward (15®), the apparent 
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plane of rotation is hoiizontal, as is the actual plane of rotation. With 
the head in intermediate positions, the apparent plane of rotation is differ- 
ent from the actual (horizontal) plane of rotation. Cyon (1908) has 
claimed that each corresponding pair of semicircular canals^ has a specific 
spatial function, i.e., that each of the pairs of canals serves for the 
perception of rotation in one of the axes of space. This is incorrect. 
Each pair of corresponding canals, when put in the horizontal plane, 
can elicit the perception of hoiizontal rotation. 

Perception of rotation, though mainly due to vestibular excitation, can be 
induced also through other receptors (vision excluded). As such, stimuli 
from cutaneous, proprioceptive, and also probably interoceptive receptors 
play a role (Kreidl, 1906; Dodge, 1921Z>/ Fischer, 1928). Fischer has 
shown this in totally deaf subjects whose labyrinths were inexcitable, but 
he found that these stimuli give rather poor information as to the direction, 
beginning, and end of the rotation. Leiri (1927), on the other hand, be- 
lieves that these impulses are of primary importance in rotational percep- 
tion. Although it may be that in ordinary life these secondary stimuli 
are of more importance than under the strict conditions of the vestibular 
experiment (the subject in a revolving chair and with head, body, and 
limbs fixed), I think that Leiri is wrong in stating that the perception 
of rotation is due only to these involuntary reflex activities set up by the 
labyrinthine excitation. 

The rotational reflexes on the eyes, the rotational and post-rotational 
nystagmus of the eyes, are the main objects of investigation in human 
vestibular physiology and pathology. Normally the vestibular nystagmus 
in the human subject also shows a slow and a quick phase. Care must be 
taken to exclude any interference of neck and pelvic reflexes. A rotational 
velocity of 10 revolutions in 20 seconds (Barany) in a revolving chair has 
been generally accepted as standard method for clinical investigation. 

Buys (1924, 1925) has investigated the post-rotational nystagmus after 
prolonged uniform rotation to eliminate the effects of the onset of the 
positive acceleration. For other special types of rotation see the papers by 
Dodge (1923^r) and Fischer (1928), The duration of post-rotational 
nystagmus in human subjects is also found to be variable (Barany and 
Wittmaack, 1911; Holsopple, 1923^^ 1923i; Buys). Often a '*secon- 
dary,*^' post-rotational nystagmus of reversed direction has been observed 
(Barany). Fischer and Wodak (1922) have observed as many as three 
or more successive antagonistic phases of post-rotational nystagmus. 

Dodge (192k) has determined the latency of this nystagmus by means 
of his optical recording methods and has found it to be 40 to 90 cr; the 
most common value was 50 a. 

It has been claimed that the post-rotational nystagmus on repeated ro- 
tation decreases gradually and may disappear entirely. Dodge (192k) 

=^The corresponding pairs are: (1) the two horizontal canals, (2) the left pos- 
terior and nght anterior canals, and (3) the left anterior and right posterior 

#^sirt9 is * 
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has shown that this is true only for the quick phase ; the initial slow devia- 
tion persists, though this also may decrease a little. 

2. Reflexes on the muscles of the neck (head). During rotation a 
typical slow deviation of the head in the direction opposite to that of the 
rotation appears. This is a constant phenomenon from the amphibians 
upward throughout the whole animal scale. In reptiles with long necks 
this deviation of the head may be as much as 90-120° (Trendelenburg 
and Kuhn [lizard], 1908). Often, but not always, a quick return move- 
ment of the head succeeds the slow’ deviation, and then a typical head 
nystagmus is present. 

At the cessation of rotation a deviation of the head opposite to that 
seen during rotation occurs, sometimes followed also by a quick phase in 
the opposite direction. 

All these reactions occur also in decorticate animals and even in animals 
in which the hemispheres, basal ganglia, and optic thalami have been 
extirpated. After bilateral labyrinthectomy these reactions are perma- 
nently abolished if optical stimuli are excluded. Breuer showed this in the 
pigeon, and his results have been confirmed by all later investigators. It 
has been shown in mammals also. For the principal phenomena in human 
subjects see Section 3 immediately following. 

3. Reflexes on the muscles of the limbs and the trunk. The first in- 
stance of such reflexes was observed in the frog by Dusser de Barenne 
(1918).^ If a normal frog is hung vertically by a thread through the 
pracmaxilla and the thread is given a slight twist so that the animal 
slowly turns around its longitudinal axis, for instance to the left, the 
hind legs often assume a typical asymmetrical position. The right hind 
leg is extended, abducted, and tilted slightly forward and the toes are 
spread ; the left hind leg is bent at the knee and ankle and brought a little 
dorsally, and the toes are more flexed than in the resting hanging position. 
At the end of the turning movement, when the opposite swing to the right 
starts, the position of the hind legs becomes reversed, the left hind leg now 
becomes extended, the right hind leg more flexed. Similar reflexes are 
often observable in the forelegs also. 

These alternating reflexes are of labyrinthine origin. They are abol- 
ished by bilateral labyrinthectomy, but are still present after section of 
the three upper cervical posterior roots. This demonstrates that they 
arc not due secondarily to neck reflexes, arising in the muscles of the neck, 
upon the muscles of the hind legs (sec page 221). Magnus (1922) later 
observed labyrinthine rotational reflexes on the muscles of the limbs and 
pelvis in the monkey, and Grahe ( 1924) has described such reflexes in the 
rabbit. 

Most of the observations in human subjects are on the post-rotational 
phenornena. It is important that after cessation of the rotation the subject 
keep his head in the same position as during the rotation. 

If a .subject is rotated 10 times in 20 seconds to the left with the head 
in the normal position or slightly tilted forward (20°, to put the horizontal 
canals in the horizontal plane) and at cessation of the rotation stands up 
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with both arms stretched forward, it will be seen that the head turns to 
the left, also the body and the arms; the right arm is raised, the left 
lowered. This position Fischer and Wodak (1922) have called the 
position of a discus thrower. If this rotation of the body is not checked, 
the subject may fall over toward the left and backward. Here again a 
few antagonistic, gradually decreasing phases can be observed for a period 
as long as half an hour (Fischer and Wodak). 

Part of this complex picture has been known for years. The deviation 
of the arms was described by Barany as Abweichreaktion, the difference in 
the level of the arms as Armtonusreaktion (Fischer and Wodak), 

These authors distinguish this complex from their “fall reaction,^^ which 
is evoked by sudden changes in the position of the head during or im- 
mediately following the rotation. For details see Fischer’s monograph 
(1928). Barany’s pointing and past-pointing tests {Zeigeversuch and 
Vorbeizelgen) are also related to these phenomena; however, we cannot 
enter into a discussion of them at this time. 

B. Reflexes upon Linear Acceleration (reflexes upon progression move- 
ments). Reflexes belonging to this group became known in animals much 
later than those upon rotational acceleration. Ach (1902) observed in the 
frog closure of the eyeslit upon abrupt vertical movement. More frequent is 
a movement of the head and the front legs during such progression move- 
ments: flexion during an upward movement, extension during the down- 
ward movement (Fischer, 1926). Analogous reactions of the head and 
the four limbs in mammals have been described by de Kleijn and Magnus 
as the “lift reaction.’^ To this group of reflexes belongs one in which 
the toes of both hind legs are spread when an animal which has been 
held in the air vertically by the skin of the neck or the skin under the 
fgrelegs is lowered abruptly. Wilson and "Pike (1912) described a 
“drop reflex” in the dog under similar conditions — a powerful extension of 
both hind legs. De Kleijn and Magnus found an analogous reflex in the 
front legs of the guinea pig upon vertical downward progression when 
the animal was held in the air by the pelvis with the head hanging down- 
ward, Flcisch (1922) has reported evidence of eye movements during 
linear acceleration in the rabbit. 

Dependable observations on reflexes upon linear acceleration in man are 
scarce. Mach as early as 1875 had pointed out that only acceleration 
stimulates. He gives as a threshold for the perception of vertical ac- 
celeration an acceleration of 12 cm. per second. Fischer (1928) has 
observed some indication of post-accelerative phasic subjective phenomena 
analogous to those reported in rotation experiments. Breuer (1875) 
claimed that these reflexes originate in the otoliths. Magnus and de 
Kleijn, Kobrafc, and others consider the ampullae as the receptors for these 
reflexes (see discussion on pages 225-228). 

, ,C. Reflexes upon Caloric Stimulation. Syringing of the external 
auditory canal with cold water has been found to produce vertigo, some- 
times even vomiting (Brown-S^quard, 1860; Schmidekam, 1868; and 
others), The early workers interpreted these reactions as due to stimu- 
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lation of the sensory nerve endings in that part of the skin of the auditory 
canal which is innervated by the ramus auricularis nervi vagi. A number 
of investigations have been made wherein heat and cold have been applied 
directly to the membranous canals. Such stimulation results in various 
vehement reactions. It was Barany (1906, 1907) who first fully recog- 
nized the importance of this method of caloric vestibular stimulation as it 
is known today. The advantages of the method are ( 1 ) that no operative 
procedure is necessary and there is no contra-indication to this method in 
human beings unless there is a perforation of the tympanic membrane, 
and (2) that each labyrinth can be stimulated and investigated separately, 
which is impossible with the rotational methods. Syringing of one auditory 
canal with water below body temperature produces, after a latency which 
varies in different subjects and also depends upon the temperature and the 
amount of water used, a typical vestibular nj^stagmus of the eyes with the 
quick phase toward the side w’hich is not stimulated. If the syringing is 
done with water above body temperature the quick phase of the caloric eye 
nystagmus is toward the syringed side. The direction of the nystagmus is 
dependent also upon the position of the head, that is, upon the position 
of the labyrinth (s) in space. 

Barany (1910/;) also found on caloric stimulation of one labyrinth a 
bilateral deviation of the arms in “pointing” when they were stretched 
forward {r^orhelzeigen, past-pointing). 

The observations on nystagmus which Barany made on human subjects 
were immediately confirmed in the principal points by observations which 
Kubo (1906) made on rabbits. 

The origin of this caloric nystagmus has been much discussed. The 
correct explanation has been given by Barany (1907), who states that 
the difference between the temperature of the water and that of the body 
gives rise to local cooling or warming of the semicircular canals and there- 
by to endolymph currents which excite the ampullar receptors and thus 
provoke the nystagmus. This hypothesis has received strong support from 
experiments by de Kleijn and Storm van Leeuwen (1917), which also 
show that the direction of the caloric nystagmus depends upon the position 
of the canals in space. For a discussion of the various hypotheses advanced 
to explain the genesis of caloric nystagmus see Magnus and de Kleijn 
(1926). 

Steinhausen has also performed local heating of the horizontal canal in 
the surviving preparation of the head of the pike and in the living animal 
and has observed deviation of the cupula under these conditions. 

Barany used rather cold or warm water in large quantities. Kobrak 
(1923) has shown that a few cubic centimeters of water, differing by only 
a few degrees (C.) in temperature from the body temperature, are suffi- 
cient to produce marked nystagmus. Fischer and Wodak state that dif- 
ferences in temperature of even a few tenths of a degree and quantities 
of water as small as 1 or 2 cc. are sufficient to produce typical rotational 
illusions. Bilateral, equal syringing usually gives rise to complicated 
phenomena; only in a few special positions of the head is such a bilateral 
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caloric stimulation without effect [the ‘‘absolute indifferent positions” of 
Fischer and Veits (1927)]. 

D. Reflexes upon Mechanical Stimulation. Obviously mechanical 
stimulation of the labyrinth is possible only after dissection and exposure of 
of the various membranous canals. 

The first conclusive experiments upon this t3^pe of reflex are those of 
Ewald (1892), who succeeded in establishing very concise, controllable 
mechanical stimulation with his “pneumatic hammer.” By plugging the 
canal under investigation at some point with a “plombe” and compressing 
it between this point and the ampulla with his hammer, Ewald studied 
the effect of ampullopetal and ampullofugal endolymph currents and found 
that these two currents resulted in antagonistic reflex movements of the 
head and the eyes. In the horizontal canals the ampullopetal current 
proved to be the stronger stimulus, while in the vertical canals the 
ampullofugal current was the more effective. See also page 212 above. 

In the human subject mechanical stimulation of the labyrinths is pos- 
sible only in abnormal conditions, i.e., in cases in which the tympanic 
membrane and the bone wall of a semicircular canal is perforated. In 
such a case pressure or suction exerted by means of a rubber balloon in the 
external auditory canal may evoke symptoms of vestibular stimulation 
(Fistelsymptom). 

E. ^ Reflexes upon Electrical Stimulation. Electrical stimulation of the 
labyrinth with galvanic currents has been used in a great number of 
investigations. Breuer (1874, 1875, 1891), who was one of the first 
to attempt such stimulation of the individual canals, thought that spread 
of the electrical current to the other parts of the labyrinth could be ex- 
cluded, but Ewald (1892) realized that this form of stimulation was not 
very satisfactory because it did not lend itself well to sharply localized 
excitation. The result of such electrical stimulation is that, with the 
cathode applied to one labyrinth, for instance the left, and the anode to 
the breast of the animal (pigeon), the head is rotated toward the right; 
with the electrodes reversed, the head is rotated toward the left. 

How the galvanic current acts is as yet not quite certain. The most 
plausible conception is that proposed by Baniny, i.e., that there is a direct 
excitation of the ampullar nerve endings or of the vestibular nerve fibers 
themselves. This view is corroborated by Steinhausen’s finding that local 
galvanization of a canal results in deviation of the eyes without any move- 
ment of the cupula. With the anode on the utricular side and the cathode 
on the canal, eye deviation occurred (threshold, .5 m.a.) ; with the current 
revered no eye movements were elicited, not even with 5 m.a. Briinings 
and Groebbels claim that the galvanic current may induce cataphoretic 
endolymph currents. 

In animal experimentation it is always advisable to exclude visual stimuli 
during vestibular experiments, the more so as it is impossible to get 
miormation about ‘subjective** phenomena in animals. With human 
subjects also it is nearly always desirable to exclude vision since this usually 
gives rise to complications, However, a great number of investigations have 
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been carried out on rotational perception with simultaneous optical per- 
ception. For a discussion of the phenomena under these complicated con- 
ditions see Fischer’s monograph (1928, p. 35). 

We now turn to the second group of labyrinthine reflexes, that of the 
positional reflexes. 


II. Labyrinthine Positional Reflexes 

The segregation of this group of reflexes dates from Breuer (1875), 
although isolated observations had already been made by earlier observers. 

As was pointed out previously, it is characteristic of these reflexes 
that they are not elicited by acceleration but by the position of the head, 
i.e., the position of the labyrinths, in space. This follows from the fact 
that the final positional reflex is always the same for a given position of the 
head in space, regardless of the preceding positions (Breuer, 1875). They 
are usually designated as *‘tonic” labyrinthine reflexes because they are 
present as long as the position of the labyrinths in space remains unchanged. 

A. Tonic Reflexes on the Eye Muscles (compensatory deviations of 
the eyes). Tonic reflexes on the eye muscles are easily observable in fishes 
(Breuer, 1891; Loeb, 1891; Lee, 1892, 1894, 1894-95; Nagel, 1896; 
Maxwell, 1923). Benjamins (1918) has made accurate quantitative 
studies of these reflexes in fishes. 

If a fish is rotated around the horizontal longitudinal axis into one 
of the side positions the eyes deviate. If the right side of the animal is 
up, the right eye is deviated toward the lower border of its eyeslit and 
the left eye is turned toward the upper border of its eyeslit. When the 
animal is held in a right side position, i.e., with its left side up, the 
deviation of the eyes is reversed from that mentioned above. In the 
intermediate positions intermediate deviations are observed. If the animal 
is held in various positions as it is rotated around a transverse hori- 
zontal axis perpendicular to the longitudinal axis of the body compensatory 
deviations of the eyes in the form of their rolling around the axis of vision 
are observable. 

In mammals also these reflexes are readily demonstrable, at least in the 
lower forms whose eyes are located on the sides of the head. In the 
higher mammals which have frontally placed eyes the importance of these 
labyrinthine reflexes is greatly reduced; visual fixation has become domi- 
nant. 

As early as in 1854 von Grafe had studied these reflexes in rabbits in 
various positions (rotation around the bitemporal axis), although he did 
not at that time differentiate between positional and acceleratory reflexes. 

In studying these reflexes various precautions must be observed. Ro- 
tational reflexes must be excluded ; to do this it is necessary to change the 
position of the animal very slowly and to wait after each change of position 
long enough to let such reflexes wear off if thfy are elicited. Care 
must be taken to avoid neck reflexes by a change of the position of the 
head with respect to the body. 
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Accurate measurements m mammals were made for the first time by 
van der Hoeve and de Kleijn (1917). Investigations with graphic regis- 
tration were made by Loiente de No (1925, 1926), and, with an improved 
technique, by Dusser de Barenne and de Kleijn (1931), Lorente de No 
claimed that in these tonic labyrinthine eye reflexes the principle of recipro- 
cal innervation of antagonistic eye muscles is not present — that simultaneous 
contraction of antagonistic muscles often occurs. Dusser de Barenne and 
de Kleijn could not confirm this statement and usually found reciprocal 
innervation present; in only a few cases it was not evident, (See also 
Huddleston and de Feo, 1928.) In animals whose eyes are situated 
frontally in the head it is very diflScult to investigate these reflexes be- 
cause of the ‘Voluntary” eye movements. A few qualitative investigations 
have been made by Magnus in the monkey. 

In human subjects a great number of investigations have been made. 
Almost all of the observations prior to the discovery of the tonic neck 
reflexes (see Section B following) were made with lateral deviation of 
the head and are therefore open to serious Criticism. Delage was the 
only experimenter who placed the whole body in the deviated position 
without changing the position of the head with respect to the body. Most 
of the methods used to determine the amount of counter-rolling are not 
satisfactory. Fischer (1927) has made careful studies of these tonic eye 
reflexes in man, using the after-image method and excluding neck reflexes. 
He found counter-rolling over 

Individuals whose labyrinths are inexcitable show very little com- 
pensatory deviation of the eyes, though it is not entirely absent. Either a 
mechanical factor is active in such cases or, as Fischer thinks, such 
minimal^ deviation in these subjects is due to other exteroceptive and pro- 
prioceptive stimuli (asymmetrical stimulation of body receptors in the 
deviated position). 

B, Tonic Reflexes on the Muscles of the Neck (head). Tonic re- 
flexes on the muscles o.f the neck are unknown in fishes so far as I know. 

In amphibians Golte (1870) described elevation of the head of a frog 
when the board on which the animal was sitting was tilted so that the 
head was below the horizontal level Tilting the animal around its 
longitudinal axis resulted in a rotated position of the head so that the 
higher side was lowered. Greene and Laurens (1923) observed similar 
tonic reflexes on the head in Amblystoma, and Trendelenburg and Kuhn 
(1908) reported similar reflexes in the lizard and the turtle. 

Beautiful positional reflexes on the neck muscles can be seen in birds. In 
fact it was in the pigeon that Czermak (1863) made the first observations 
on these positional reflexes and observed that the head of the bird is kept 
^™al position in space irrespective of the position of the body. Breuer 
(1874) showed that this is true also if visual stimuli are excluded. Later 
Obsemtions were m by Trendelenburg (1906dr, 1906^), Trendelenburg 
and Kuhn (1908), Huxley (1913), and Groebbels (1922). 

^uxley and No?I-Paton in 1913 simultaneously found evidence of 
labyrinthine positional reflexes on respiration in the duck. 
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Many of the above-mentioned phenomena might be classified, and pei- 
haps more appropriately, as labyrinthine righting reflexes (see group D 
following). 

In mammals true tonic reflexes on the neck muscles were observed by 
Magnus in 1911 (see Magnus and de Kleijn, 1912) in the decerebrate rab- 
bit, cat, and dog. Strong “tonic” contraction of the extensor muscles of the 
neck is found if the animal is held in supine position with the slit of the 
mouth between the horizontal plane and 45® above it. If the animal is 
placed in the prone position (180® different from the former position) 
without changing the position of the head with respect to the body, it is 
found that the extensor muscles of the neck are relaxed and that the 
flexors are in strong contraction. Intermediate positions result in inter- 
mediate degrees of contraction of the extensors and flexors of the neck, 
respectively. In the normal adult human subject tonic neck reflexes are 
not known. Landau (1923, 1925) has described a tonic dorsiflexion of 
the head with opisthotonus and extension of the legs in infants from six 
to eighteen months old when the child is held horizontally in the air by its 
thorax with the abdomen downward. The primary dorsiflexion of the 
head is possibly a labyrinthine righting reflex on the head. (See Section 
D following.) The opisthotonus and the extension of the legs are in all 
probability evoked secondarily, through mediation of a tonic neck reflex, 
by the righting of the head ; these phenomena disappear immediately when 
the head is forcibly bent downward (Schaltenbrand, 1925a^ 1925^). A 
labyrinthine component is not probable since passive dorsiflexion of the 
head does not produce the opisthotonus and extension of the legs ; for this 
a strong contraction of the neck muscles is necessary. 

C. Tonic Reflexes on the Muscles of the Limbs and the Trunks 
These reflexes were first observed by Magnus and form the basis of his 
excellent work and that of his many collaborators, especially de Meijn, 
which has extended over more than fifteen years. It is necessary to dis- 
tinguish between two groups of reflexes : ( 1 ) the tonic labyrinthine reflexes 
on the limb muscles and (2) the tonic neck reflexes on the limb muscles. 
Although the second group is not actually labyrinthine in origin, it is 
advisable to include a discussion of it here. Tonic labyrinthine reflexes 
on the limb muscles are those reflexes which are produced through changes 
of the position of the labyrinths, i.e., of the head, in space without changing 
the position of the^ head with respect to that of the body. The best 
procedure in investigating this group of reflexes is to enclose the head, 
neck, and thorax in a plaster cast. In this way it has been found by 
Magnus and de Kleijn (1912) that the contraction of the extensor 
muscles of both forelegs and both hind legs is always influenced in the 
same direction by these tonic labyrinthine reflexes, either augmented or 
diminished. There is one position of the head in space in which the 
contraction of the extensor muscles of the limbs is maximal and one 
in which it is minimal.^ These two positions differ by 180®. 

The tonic labyrinthine reflexes on the limb muscles can best be studied 
in the decerebrate preparation in which the extensors of the limbs and the 
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trunk show a certain degree of decerebrate rigidity and in which disturbing 
influences from cortical reflexes (‘Voluntary** movements, etc.) are ex- 
cluded. 

The second group, that of the tonic neck reflexes on the limb muscles, 
can be studied after extirpation of both labyrinths. These reflexes are 
more complicated. Rotation and turning^ of the head evoke antagonistic 
changes in the muscles of the legs of both sides; the extremities on the 
side toward which the jaws point (the “jaw-legs**) show increased exten- 
sion through contraction of the extensors, inhibition of the flexor muscles. 
Raising of the head in the sagittal plane gives rise to augmentation of the 
extension of the front legs; on lowering the head (ventral flexion) the 
extension of these legs diminishes. In rabbits the hind legs react in the 
same direction as the front legs when the head is raised and lowered. 
In guinea pigs, cats, dogs, and monkeys the hind legs show antagonistic 
reactions, i.e., if the front legs exhibit extension when the head is raised, 
the extension of the liind legs diminishes, and vice versa. To evoke these 
reactions the movement of the head must be executed in tlie middle portion 
of the cervical spine. Magnus and Storm van Leeuwen (1914) have 
found that the afferent impulses for these reflexes in the cat pass along the 
posterior roots of the three ccivical segments; in the rabbit the posterior 
roots of the fourth segment participate also. Magnus has claimed that 
these reflexes, found in the decerebrate animal, must also be present in the 
animal with intact central nervous system. This was proved experimental- 
ly by Dusser de Barenne (1914), who showed that these reflexes occur 
not only when the head is moved passively but also during active movements 
of the animal. 

In the normal life of the animal both groups act together and their 
integration results in rather complex reflexes. The picture is still more 
complicated by the fact that in some animals the tonic labyrinthine reflexes 
dominate, whereas in others the tonic neck reflexes are the stronger, while 
in still other animals the two groups are of about equal importance. 

The relative strength of the two reflexes in a given animal can be 
determined by turning the head while the decerebrate animal is in side 
position. If both forelegs react in the .same direction the tonic laby- 
rinthine reflexes are dominant; if both forelegs react antagonistically the 
neck reflexes are the more important in that particular animal If only 
the upper foreleg is influenced by the turning of the head, while the lower 
foreleg does not react, the two groups of reflexes balance (Magnus). 

characteristic of these reflexes is their long latency. In the decerebrate 
preparation Magnus and de Kleijn found latencies of 1/3 of a second to 


^Magnus has defined rotation {Drehen) as the movement of the head of the 
ammai along its sagittal axis, which connects the snout and the occiput; during a 
rotation toward the right the skull is directed toward the right, the jaws toward 
* lett Turning {Wmden) is the movement of the head around a dorsoventral 
axis which goes vertically through the middle of the skull and the basis; when the 
t toward the right and the occiput 
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6 seconds for the tonic neck reflexes; the latencies of the tonic laby- 
rinthine reflexes varied e\'en moic, the fij^ures lunninfj, tujm 1/4 of a 
second to 23 seconds. In these reflexes the principle of anta^^onislic 
(reciprocal) innervation of antajtonistic muscles f Sherrini^ton) is clearly 
demonstrable. Maj^nus (1924) and Beritoff (1915r/, 191 5/>) have studied 
and recorded these reflexes in isolated muscles. 

After unilateral labyrinthectomy the tonic labyrinthine leflcxes on the 
limb muscles arc unchanged, showing that one labyrinth influences the limb 
muscles of both sides of the body. 

In the normal adult human subject tonic neck reflexes on the limb mus- 
cles have not been demonstrated with any degree of certainty. Quix 
(1922, 1923) has described many reactions which he ascribes to otholithic 
reflexes: flexion and extension of the head aiound a bitemporal axis pro- 
duces utricular reflexes (symmetrical flexion and extension of the limbs 
respectively) ; sideward deviation of the head produces saccular eflFects 
which are asymmetrical abduction or adduction of the limbs. I'licse 
statements are theoietical deductions from anatomical investigations of 
the position of the otoliths in the human labyrinth. Quix has tried to 
prove his deductions in experiments vvith the pointing-ieaction, in itself a 
very complicated motor mechanism, Am^thei serious objection against his 
experimental results is that he does not consider the influence of tonic 
neck reflexes! 


In abnormal human subjects with various organic lesions of the c<*ntral 
nervous system (idiotic children, infants with delivery traumata, adults 
with pyramidal lesions) such tonic labyrinth reflexes on the limb and 
trunk musculature have often been observed. I'he first cases were 
observed by Magnus and de Kleijn. Then Brouwer (1917), de Bruin 
(1914), Gamper (1926flr, 1926I>), Pette (1924, 1925), Stenvers (1918), 
Simons (1923), Walshe (1923ri, 1923/^), Boehme and Weiland (1918), 
JonkhofiF (1920), and others added observations. A review' of this Htera- 
turc may be found in F^scher^s monograph (1928). Whether or not 
the induced tonus changes’" of Ctoldstein and Riese ( \92ifi, 1923*, 1925), 
and the ‘Womatoses’" of Zingerle (1924, 1925r/, i925A. 1926) belong 
m this group of tonic labyrinthine reflexes is a controversial matter. 

D. The Labyrinthine Righting Ref exes. Although this group of re- 
flejws^ will he discussed more fully in describing the importance of the 
righting reflexes in animal posture (sec page 229), it seems advisable to 
state here what these reflexes mean- If an animal which has a long neck 
(reptile, bird, mammal) is held in the air, the head is held in the normal 
positmn in space, even if optical stimuli are excluded. This normal 
position of the head is maintained although the position of the body 
may be changed to abnormal positions (Czermak, 1863). Breuer (1874) 
showed that this ability to keep the head in normal pasition in space is 
abolished by bilateral labyrinthectomy. This “fixation” of the head in 
pace, irrespective of thtf position of the body, is due to the influence of the 
iabynnthine righting reflexes of Magnus. 

tor a discussion of the subjective phenomena during abnormal positions 


i 
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of the body, the positional perceptions {Lage-Ernpfinduiigen) ^ see 
Fischer’s monograph (1928). 

The Results of Labyrinthectomy 

The phenomena which appear after unilateral and bilateral labyrin- 
thectomy in various animals have been studied by a great number of in- 
vestigators: Flourens (1824), Breuer (1874, 1875, 1891), Cioltz (1870), 
Hogyes 0881), Ewald (1892), Winkler (1907), and many others. 
In the light of their recent work, Magnus and his collaborators— especially 
de Kleijn and Storm van Leeuwen— and Tait and McNally have again 
taken up the study of these complicated phenomena, particularly of those 
appearing after unilateral labyrinthectomy. They divide these symptoms 
into direct, or primaiy, and indirect, or secondary, symptoms. 

The most important primary symptom which follows unilateral laby- 
rinthectomy is, in all species investigated by Magnp (frog, guinea pig, 
rabbit, cat, dog, and monkey [macacus] ) , a rotation of the head and 
neck toward the side of the operation. This rotation is in these animals 
a permanent symptom and can be shown and more or less quantitatively 
estimated when the animal is held up in the air by the pelvis with the 
head pointing downward (fundamental rotation {^Grmiddrehung']). It 
is a reflex elicited from the remaining labyrinth (labyrinthine righting 
reflex). In the rabbit and the cat another primary symptom, also re- 
sulting from the activity of the labyrinth left intact, is a spiral torsion of 
the vertebral column of the neck and trunk; in the other species which 
were mentioned above this torsion of the trunk is a secondary symptom 
(neck righting reflex) since it disappears after correction of the abnormal 
primary position of the head. In the rabbit and the cat this mechanism is 
also active, of course, and enforces the primary torsion of the trunk. 

Through the activity of the righting reflexes from the body on the 
head an animal with only one labyrinth can right its head toward the 
normal position in space when put on a plane surface. The righting 
reflexes from the body on the body allow the animal to maintain or 
regain the normal position of the body even when the head is not in its 
normal position in space (see page 230). 

The abnormal position of the limbs in the unilaterally labyrinthecto- 
mized animal (adduction of the homolateral limbs, abduction and exten- 
sion of the contralateral extremities) is a secondary symptom, elicited 
through tonic neck reflexes (de Kleijn, 1914). This is demonstrated by 
the fact that these abnormal positions of the limbs disappear immediately 
when the head is returned passively to its normal position in space. Only 
during the first period after the unilateral labyrinthectomy can a slight 
decrease in the “tonus” of the homolateral limb muscles be observed even 
when the head is in the normal position. 

After unilateral labyrinthectomy the lower 'mammals (guinea pig, 
rabbit) often show rolling movements. In many of the older investiga- 
tions these forced movements dominate the whole picture, at least for the 
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first days or weeks after tlic operation. For the greater part they are 
probably due to complicating lesions. With the improvement of the tech- 
nique of labyrinthectomy the rolling movements are much less marked, 
even in the guinea pig and the rabbit; in the higher mammals (cat, dog, 
and monkey) they are usually absent. In man, forced rolling movements 
do not occur after uncomplicated unilateial labyrinthectomy. ATagnus 
and de Kleijn claim that these rolling mo\'ements arc paro\>Mns ut pro- 
gression movements, during w’hich the animal turns around its longitudinal 
axis and “screws itself through space’* because of the torsion of the head 
and vertebral column. The rolling movements can be stopped hv cor- 
recting this abnormal position of the head and do not occur after bilateral 
section of the first three cervical posterior roots, which eliminates the oc- 
currence of tonic neck reflexes and righting reflexes from the neck on the 
limb muscles. 

The only symptom which has not been explained satisfactorily as yet 
is the slight decrease of muscle tonus in the homolateral extremities for a 
short period after the unilateral labyrinthectomy. As has been stated 
before, this deficit is present cva*n with the head in normal symmetrical 
position. Therefore it cannot be explained by asymmetrical tonic neck 
reflexes. In the dog it is present only for a few hours; in the rabbit and 
the monkey, for four to live weeks after the opeiation. After bilateral 
labyrinthectomy the tonus in the muscles of all foui limbs and of the 
vertebral column is greatly diminished for some time, but this deficit 
gradually disappears, at least in the mammal, 'rius is tin* main (d)iection 
against the generaliscation made by Ewahl (1892) that the labyrinth is 
the receptor for muscle tonus. The nmscUs of the boily receive impulses 
which regulate and adjust their tonus from a great many soutces {fnnu 
exteroceptive, proprioceptive, and from other receptors), all of which 
participate in the elaboration of the normal tontis of the stripes! mus- 
culature. 

The fact that the effects of labyrinthectomy are less pronounced in the 
higher animals and least so in man is important. It indicates that the 
influence of the labyrinth on the motor mechanisms becomes les.s and less 
as one ascends the vertebrate scale. 

The problem of the functtanal localization hi the labyrinth still offers 
many perplexitie.s, 

Breuer had .stated as early as in 1874 that the acceleratory reflexes 
originate in the ampullar cristae, whereas the positional reflexes arise 
in the otolithic receptors. Only the reflexes upon linear acceleration he 
thought to be of otolithic origin. Since then many investigators have in 
general confirmed Breuer’s ccmccption. 

Lee (1892, 1894, 1894-95), Lyon (1899), and Maxwell (1923) have 
found that the compensatory deviations of the eyes and the fms in fishes are 
present after extirpation of all six canals* D)eb (1891) established the 
fact that they disappear after extirpation of the otoliths. Extirpation of 
the sacculus is without effect upon these reflexes (Lyon, Maxwell) ; after 
elimination of the utricuH they are abolished (Maxwell). Recently 
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Versteeg|j|^(in the rabbit) );and McNally (1932, 1933) ( in the frog) 
found thsftt all vestibular reflexes, especially all positional reflexes known at 
present, be observ^ td'be apparently normal after elimination of the 
sacculus. On the other^hand, Benjamins and Huizinga claimed that in the 
pigeon the compensatory deviations of the eyes around the optical axis are 
saccular reflexes. Von Frisch and Stretter (1932) stated that in fishes 
the sacculus definitely has auditoiy functions. 

Magnus and de Kleijn (1926) accepted Breuer’s conception, but re- 
garded the reflexes upon linear acceleration as ampullar reflexes. Guinea 
pigs in which they had thrown off the otoliths from the maculae by violent 
centrifuging [method of Wittmaack (1909)] showed absence of posi- 
tional reflexes with preseivation of all acceleratory reflexes, including those 
upon linear acceleration. Subsequently Magnus and de Kleijn, Hasegawa 
(1931), and de Kleijn and Versteegh (1931) have found that tonic 
labyrinthine reflexes can still be observed in guinea pigs in which all 
otolitJiic membranes have been thrown off. These findings are of course 
more significant than those in which the positional reflexes are lost after 
removal of the otolithic membranes. 

Thus one is led to the conception either that the positional reflexes 
originate, at least mainly, in the cristae of the semicircular canals or that 
these reflexes can still be elicited through otolithic receptors in which the 
meinbranes are absent. The only way to decide between these two 
possibilities is, of course, by section of the nerves of the otolithic receptors. 

Such section is possible at present only in the frog (McNally) ; in the 
mammals (rabbit) only the bilateral destruction of the sacculus and the 
unilateral section of the utricular nerve have been accomplished (Ver- 
steegh).® The corresponding results of these two investigators with 
regard to the sacculus have already been given. So far as the utriculus is 
concerned, the results of McNally’s painstaking investigations can be sum- 
marized as follows: 


The first important result is that in frogs in which only the two utricles 
arc eliminated the righting reflex is normal. Such animals show a very 
marked tremor during any attempt to move. Forward progression is in 
some way interfered with, a deficiency which expresses itself in the "fact 
d jump.” Responses to quick tilting are very 


In frogs in which all labyrinthine receptors were eliminated with the 
exception of the two utricles, McNally (1933) observed the following 
phenomena: The resting position is symmetrical and essentially normal, 
though there is a slight widening of the base of support. The righting 
reflex isi present though not quite so prompt as in the normal animal Dur- 

become obvious. Jumping is done clumsily 
and the animal may stumble toward any side on landing. Then a slow 


author is greatly indebted to Dr. McNally and Dr. Versteeir^ 
put at his disposal their most recent observatioL and opinions ^ 
chapter on vestibular physiology. options m 
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rhythmic pendular motion sets in and onl> graduallN corner to lest. The 
reactions to quick tiltinii; mo\ements aie unbnlancecK the ^triLln^^ thing 
being that the first response is a movement in the direction of the tilt; 
in the normal frog the icaction to a tilt is in the (^pp<>^ite dirccti(m. It 
is more than a simple inertia reaction, as can he shown In the different 
reaction after total bilateial labyrinthectoiny. Slow tilting of a frog 
which has only its two utricles left results in true compensatory reactions. 
It is interesting that these compensatory reactions occm in definite steps 
or shifts. 

A frog in which only one utricle is left is still able to right; it slants 
pendular reactions to movements. Its position is asymmetiical, the animal 
leaning down to the side of the absent utricle, though less than after total 
unilateral lahyrinthectomy. Upon correction of this abnormal pijsition, 
the animal may remain in noimal symmetrical position for (tuite a while, 
until it is disturbed or makes a spontaneous movement, 'riien the asym- 
metrical position appears again. McNally concludes from all these facts 
that the utricular receptor is not signalling constantly, but only in lesponse 
to slight displacement of the otolithic membrane. 'i"hat gliding of the 
otolith can act as a stimulus lias also been suggested by Lorente de No. 

For the results of isolated destruction of the various canallar receptors 
in the frog the reader is referred to the r(‘c<‘nt papei l)y McNally and 
Tait (1933). 

Versteegh reports that all the rabbits in which he succeeded in cauteriz- 
ing one utricular nerve died after a few days. < )nly recc^ntly has he been 
able to keep such an animal alive over a period of several months. I'he 
only permanent symptom was a ^'Grmiddrehunfr of 90" of the head, 'rhe 
anatomical control of this experiment is not yet finished. 

Dr. Versteegh closed the resume which he sent to me as follows: 

We must keep in iniiid the possibiUty that the labyrinth func- 
tions more as a whole, that all the various reflexes originate in the 
various receptors, allhough perhaps in the normal animal some of 
the receptors are more important for certain of the rcBexes than 
the others. 'J'hus it would be coneeivahle that in partial labyrinthine 
lesions the remaining parts could compensate the functional defects. 

One would then have to abandon the idea that each subdivision of the 
labyrinth subserves a special group of labyrinthine reflexes. 

Since positional reflexes can still he observed after elimination of all 
otolithic membranes, the discussion of the vexing problem as to whether 
the otoliths are excited when their membranes are hanging or pressing 
upon the otoliths is futile for the present. 

Magnus an<I de Kleijn thought that the otoliths are excited when their 
membranes arc hanging, that the otolithic excitation is least when the 
membranes press upon the maculae. They reached this conception from 
the observation that the positional reflexes are maximal when the laby- 
rinths are in the position in space in which, according to anatomical studies, 
the otolithic membranes hang down from the maculae, whereas these 
reflexes are minimal in the position in which the otolitlis press upon the 
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maculae. Other investigators, especially Quix, defended the opposite 
view. 

It would be inopportune to enter into this discussion now. Only 
when it has been established definitely — especially in the mammal, with 
its greater variety of labyrinthine reflexes — ^which of these are otolithic 
and which are not will it be time to attack this problem. 

We must now enter into a brief exposition of the problem of animal 
posture and its central mechanisms. 

Animal Posture and Its Central Mechanisms 

As a starting-point for our discussion we may take the striking differ- 
ences with regard to postural activity between three well-known prepara- 
tions of one of the higher mammals, e.g., of the cat: the decapitate, the 
decerebrate, and the decorticate preparations. 

The decapitate preparation, in which the neuraxis is transected at the 
transition of the medulla and the spinal cord, usually at the level of the 
first cei'vical segment, shows no special distribution of muscle ‘‘tonus” 
when put in the side position. Standing is impossible. When the animal is 
put upon its four legs and left to itself the limbs collapse under the weight 
of the body and the preparation sinks down. 'Phe head also follows gravity 
and hangs down.* ** 

In the chronic “low” spinal preparation (transection, for instance, at 
L.I) of the cat and the dog, it has been known for many years that 
some postural activity reappears in the extensor muscles [reflex standing 
(Goltz and Freusberg, Sherrington) ; see also the recent investigations 
of Ranson and Ingram (1932^, 1932^^ 1932c) and of Hinsey, Ranson, 
and McNattin (1930)]. 

Quite different from the picture offered by the decapitate preparation 
is that of the decerebrate preparation in which the hrain-stcin is transected 
at the level of the posterior colliculi. Such a preparation shows the well- 
known decerebrate rigidity (Sherrington), a sustained contraction especi- 
ally of the extensor muscles (muscles of the lower jaw, extensox“s of the 
vertebral column and of the limbs) which counteracts gravity when the 
animal is standing. Recently Wachholder (1928) has pointed out that 
the flexor muscles also participate to some degree in decerebrate rigidity. 

Thus this preparation can stand when put upon its four legs, although 

*The generally accepted view that all postural activity is absent in the acute 
decapitate preparation or in the hind legs of the acute **low** spinal animal is 
incorrect. Pusser de Barenne and Koskofl (1932, 1934) have recently found, 
immediately after spinal transection, prompt onset of a strong flexor rigidity 

(F.R.) in the hind legs of the decapitate and spinal preparation' of the male cat 
and dog (and to some extent also in the female) as soon as the posterior part of 
the body is brought in the symmetrical prone position on the table. Marked 
changes in this F.R> are elicited in the hind legs on rotation of the front part 
of the body. As strong priapism is usually present during the mating season when 
the hind quarters arc in the symmetrical prone position, this F.R. can be inter- 
preted a caricature of the normal postural copulation pattern in the male cat 
and dog. 
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all ‘Voluntary” muscular activity is abolished by the elimination of the 
brain. The preparation shows “reflex standing,” a caricature of normal 
standing because of the unbalanced overactivity of the extensors over the 
flexor muscles. If the preparation is put on its four legs and pushed over 
to either side it falls down and remains in the side position. It cannot 
“spontaneously” sit up or stand up. Active progression and locomotion 
are absent.® 

It is in such decerebrate animals that, as has* been discussed above 
(page 229), Magnus has found his tonic reflexes (labyrinthine and neck 
reflexes), which are the functional elements of all postural activity. 

It was also pointed out above that these tonic labyrinthine and neck 
reflexes unmistakably play a role in the life of the normal animal. 

Tne decorticate mammal (guinea pig, rabbit, cat, dog) in which the 
cortex of both hemispheres has been removed (whether the optic thalami 
and the striatum have also been removed is irrelevant in this respect) 
shows quite another picture and its postural and progressional activities 
approximate much more closely those of the noimal animal* Decere- 
brate rigidity is either entirely absent or pres(‘nt only for a short period 
of time and in a moderate degree. Within a few hours after the ex- 
tirpation of both cerebral hemispheres the decoiticate animal “sponta- 
neously” assumes a normal sitting and standing position and can walk 
around fairly normally. In tJic “chronic” stage progression and loco- 
motion are almost entirely normal, Jind disliirhanccs arc observable only 
upon special investigation. 

The fourth fundamental fact which should be mentioned in this con- 
nection is that a decerebellate animal can sit up fairly normally and can 
stand and walk, though with obvious and permanent impairment. Immedi- 
ately after the extirpation of the cerebellum these activities are abolished, 
but they gradually return, and within a few weeks the animal can assume 
a more or less symmetrical sitting position and has regained the ability to 
stand and move around. 

From these four fundamental observations it follows ( 1 ) that in the low- 
er mammals posture and progression are essentially subcortical mechanisms 
and (2) that the centers controlling these functions lie in the brain-stem, 
between the levels of the subthalamic region and the medulla. 

Magnus (1924) has given a masterly analysis of this complex postural 
activity and has shown that at least four groups of righting reflexes co- 
operate in such activity. 

If one watches the awakening of a normal or decorticate rabbit from 
general anaesthesia it can be seen that the first sign of the wearing-off of 
the narcosis is the fact that the animal lifts its head from the side position 
and turns it toward the normal symmetrical position. This righting of 


“That sometimes paroxysms of alternative, abortive progression movements 
occur is well known. They are due to secondary lesions of the remaining parts 
of the brain-stem (hemorrhages). These observations do not invalidate the 
above statement, since they never result in an actual displacement of the body 
as in normal walking or progression* 
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the head is due to Magnus' first group of righting reflexes, namely, the 
labyrinthine righting reflexes on the head. 

This group of righting reflexes is also responsible for the fact that a 
rabbit when held in the air always keeps its head in the noimal position 
in space. The labyrinthine origin of this group of reflexes can easily 
be demonstrated by the result of bilateral labyrinthectomj^ After that 
operation the rabbit with intact central nervous system or the decorticate 
rabbit when held in the air can no longer right its head — the head hangs 
down, simply following gravitational forces. But as soon as such a bi- 
laterally labyrinthectomized animal is laid down in the side position 
on a table its head assumes the normal symmetrical position in space. This 
IS due to a second group of righting reflexes, arising from the asymmetrical 
stimulation (exteroceptors, proprioceptors) of the body surface upon the 
contact of the lower flank with the table. This asymmetrical stimula- 
tion of the flanks evokes righting reflexes from the body on the head. 
This is shown fuither by the fact that upon establishment of a more or 
less sj'mmetrical stimulation of both flanks by application of a board 
WTth weight on the upper flank of the animal the head immediately falls 
back into the side position. As soon as the board is removed the head is 
lifted from the table and turned toward the normal symmctiical position 
in space (Magnus' board-experiment). 

The next step in the recovery from general anaesthesia is the righting 
of the body after the righting of the head. First the front part of the 
body, the forelegs with the thorax, is righted. This is due to a third 
group of righting reflexes, the neck righting reflexes. If the head is 
brought back in side position, the body falls back into the side position, 
at least in this stage of recovery from general anaesthesia. For if the 
rabbit is fully recovered from the narcosis one finds that the body of the 
animal assumes normal sitting position from any side position, even when 
the head is held in side position by the experimenter. This righting of 
the body, although the head is in an abnormal position, is due to the 
fourth group of reflexes, the righting reflexes from the body on the body. 
These reflexes are also active after bilateral labyrinthcctomy, and the 
board-experiment then yields the same results as in the case of the right- 
ing reflexes from the body on the head. 

These four groups of righting reflexes determine the righting of the 
head and body in the decorticate mammal (guinea pig, rabbit, cat, dog, 
and monkey) and in the guinea pig and rabbit with intact central ner- 
vous system. In the cat, dog, and monkey a fifth group of righting re- 
flexes can be shown to be active, namely, that of the optic righting reflexes 
(Magnus). 

Whereas the head of a bilaterally labyrinthectomized rabbit is not 
righted when the animal is held in the air by the pelvis, the behavior of 
the^ labyrinthectomized cat, dog, and monkey is different under these con- 
ditions. ^ These animals still show prompt righting of the head when held 
in the^ air, although both labyrinths are extirpated. As soon as the eyes 
are blindfolded, the head falls or hangs down, following gravity. Since 
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visual activity is eliminated after decortication, optic righting reflexes are 
also absent in the decorticate cat, dog, and monke>. 

The fact that the first four groups of righting reflexes are present in 
the decorticate animal shows that the central mechanisms governing these 
reflexes are located subcortically. Even a transection of the brain-stem 
immediately posterior to the hypothalamic region and frontal to the an- 
terior colliculi leaves these reflexes intact (Magnus). Rademaker (1924) 
attempted to localize these various reflexes in the brain-stem and arrived 
at the following conclusions: 

The labyrinthine righting reflexes and the body righting reflexes on the 
body have their center in the magnocellular part of the red nuclei. 'Fhe 
centers of the body righting reflexes on the head are probably not the 
red nuclei, but are located in the immediate neighborhood of these nuclei. 
The neck righting reflexes have their centers farther caudally in the 
brain-stem; they are present in the decerebrate preparation, absent after 
transection of the brain-stem at the level of the trochlear nucleus. I'he 
centers for the labyrinthine reflexes on the eyes lie in the brain-stem 
between the level of the entrance of the eighth cranial nerve and the 
nuclei of the eye muscles. Radenlaker^s idea that the red nuclei are the 
centers of the labyrinthine righting reflexes and the body righting re- 
flexes on the body and that the rubrospinal tracts are the efferent central 
pathways for these reflexes is probably incorrect. Stwcral experimenters 
have reported normal righting reflexes in animals with absence or only 
very little evidence of decerebrate rigidity after isolated destruction and 
degeneration either of the red nuclei or of the rubrospinal tracts (Lorente 
de No, 1925, 1926; Mussen, 1927, 1932; Keller and Hare, 1932; Ran- 
son and co-workers). It may be ivell to emph.asize the fact that the 
positive observation, namely, preservation of normal righting reflexes after 
degeneration of the magnocellular division of the red nuclei and the 
rubrospinal tracts which originate from those nuclei, is the significant fact 
and eliminates negative observations. With these more recent observa- 
tions the question of the exact location of the centers for these righting 
reflexes has become problematic; they probably He within close proximity 
of the red nuclei. 

All the various groups of righting reflexes known today are present 
after extirpation of the cerebellum (Dusscr de Barenne, 1923^?; Rade- 
maker, 1931). This does not mean, however, that the cerebellum has 
no influence on these reflexes and on posture in general. Ever since the 
beginning of experimental physiology of the cerebellum it has been recog- 
nized that this part of the central nervous system is of paramount im- 
portance in posture. The investigations of Magnus, Schoen, Pritchard, 
and Rademaker have shown some of the neural mechanisms, besides the 
righting^ and tonic reflexes, that are active as postural mechanisms. For 
a full discussion the reader is referred to the papers of these investigators. 

Many of the reflex mechanisms involved here fall under the attitudinal 
reflexes {Haltungsreflexe of Magnus and de Kleijn, 1928), which regu- 
late and control the contraction and distribution of the tonus «)f the muscles 
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of the Hmbs and the body, and, by that, the position of the various parts 
of the body and the fixation in the individual joints. 

Magnus and de Kleijn subdivide these attitudinal reflexes into various 
groups: the local, the segmental, and the general attitudinal reflexes. 
The prototype of the first group is the positive support reaction of a limb 
(Schoen, Pritchard), by which the whole extremity is converted into a 
rigid column capable of supporting the weight of the body. This support 
reaction can be studied advantageously in the decerebellate dog. Pro- 
prioceptive and exteroceptive impulses from the distal parts of the limb 
play a role in its elaboration (dorsiflexion of the wrist and ankle, contact 
of the sole of the foot with the ground). In the decerebellate dog this 
positive support reaction, elicited through exteroceptive stimuli, is very 
active and has been described by Rademaker (1931) as nmgnet reaction; 
the slightest touch to the sole of a hind foot of such an animal, when the 
animal is held in the air or in the supine position, suffices to produce a 
strong tonic extension of this leg. In the forelegs the magnet reaction is 
not present when the animal is in the supine position, but only when it 
is held in the prone position. Touching of the dorsum of the foot does 
not produce the magnet reaction. 

In contrast with the positive support reaction the negative support re- 
action loosens up the extremity. When the contact of the leg with the 
ground^ is taken away, or when the distal joints are flexed passively, the 
extremity immediately loosens its rigid extension and can easily be flexed 
again. Part of the positive and negative support reaction is determined 
by mechanical factors. Among the neural activities which enter into the 
positive support reaction are the myotatic reflexes of Liddell and Sherring- 
ton (1924), described previously by Paul Hofifmann (1922) as Eigen- 
reftexe. Application of a pull, i.e., of an abrupt augmentation of tension, 
on a muscle elicits in this same muscle a reflex contraction ; upon removal 
of the tension the muscle relaxes again. But not only these local myo- 
tatic reflexes, confined to the muscle which is stretched, play a role, 
Schoen and Pritchard, in their analysis of the support reaction, have shown 
that the stretch put up in one muscle reflexly elicits contraction of many 
other synergistic muscles acting upon other parts of the same limb. In 
the positive suppoit reaction not only the antigravitational muscles con- 
tract, but simultaneously with their contraction their antagonists also con- 
ract. Under these conditions one finds a fundamentally different func- 
tional relationship between these two groups of muscles from that in phasic 
movements, m which reciprocal antagonistic innervation (Sherrington) 
prevails. In this same group of local attitudinal reflexes belong also Rade- 
; placing and hopping reactions. I'he placing reactions 
{btehberettschaft,^ readiness for standing) arc those reflexes through which 
the animal puts its legs in the adequate position for standing as soon as 
some part of the body (the snout or the skin of the dorsum of the foot 
for the front lep, the tip of the tail or the skin of the dorsum of the 
for the hind legs) touches a surface. These reflexes occur also when 
Vision IS excluded, though they can be induced by visual stimuli alone. 
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These placing reactions are temporarily ab(jlishe<l alter extirpation of the 
cerebellum; they are permanently lost after extirpation of the cerebral 
cortex. After extirpation of one cerebral hemisphere th<;y aie abolished only 
in the contralateral extremities. This indicates that they aic cortical 
reflexes. Recently Bard (1933) has demonstrated conclusively that these 
placing reactions are controlled exclusively by the sensorimotor area of 
the cortex. They are permanently abolished after extirpation of this part 
of the cortex; they are present, apparently normal, after extnpation of 
the whole cortex with the exception of the sensorimotor area. 15 looks 
(1933) has demonstrated that this strict cortical localization holds true 
also for the placing reactions in the rat. 

The typical, elegant flexion and extension of the toes and foot on soft 
stroking of the dorsum of the foot of an animal which is held in the 
air (the Beriihrungsreilexe of Munk) arc also permanently lost after 
extirpation of the cerebral cortex. ^^Hiether these reflexes also belong 
to tlie placing reactions, as Rademaker claims, is controversial ; I am not 
convinced that this conception is correct, especially not since I have ob- 
served a cat for twelve months after total extirpation of the cerebellum 
and found the placing leactions peimanently alxdislied/" whereas the Be- 
rilhrungsreflexe of Munk were apparently normal. "^I'his observation seems 
to indicate that these two reflexes are different. 

The hopping reactions are those reflexes which lesult in displacement 
of a leg when it is brought far enough out of the symmetrical standing 
position. Excessive adduction or abduction, foiward or backwar<l move- 
ment of the proximal joints of a limb, either passively or b> moving the 
surface on which the leg is standing, results in corrective displacement 
of this Hmb.^ In the dog thc^se hopping reactions are temporarily abolislied 
after decortication, but return after a few weeks; they remain, however, 
permanently impaired (markedly retarded and hypermctric). In the cat 
and the rat the hopping reactions are permanently abolished after decor- 
tication, and in these animals the same strict cortical localization holds for 
these hopping reflexes as for the placing reactions (Bard, 1933; Brooks, 
1933). 

The loss or impairment of the placing and hopping reactions is an im- 
portant factor in the deficient correction of abnormal postures of the limbs 
in animals which have lesions of the sensorimotor cortex or are without 
cortex, as has been known for many years. To some extent these reac- 
tions also cooperate in standing, though they are not essential in this 
respect, since totally decorticate animals (the lower mammals, cat, and 
dog) are capable of fairly normal standing and locomotion. 

The segme?ital attitudinal reflexes arc those in which the attitude of 
one extremity influences that of the other. Fundamentally they belong 
to the large group of contralateral reflexes, of which the well-known 


®This is unusual in the dccerebellate animal, and I cannot as yet offer m ex- 
planation for it. Still I think that this point does not invalidate the comduHjon 
drawn from this observation. 
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crossed extension reflex (Goltz, Freusberg, Sherrington) is the prototype. 
This reflex, however, is a spinal reflex, whereas the segmental attitudinal 
reflexes are essentially brain-stem reflexes. Rademaker and Magnus have 
studied these reflexes extensively in normal animals and in the decere- 
bellate dog and cat, in -which these reflexes are usually present in exag- 
gerated form. The “shifting reaction” {Schunkelreaktion of Rademaker, 
1931) belongs to this group. If one stands a dog on three legs, holding 
the fourth leg — for instance the right foreleg — in one’s hand, a contrac- 
tion can be felt to occur in the extensor muscles of this leg, especially in 
the triceps, vrhen the body of the animal is shifted passively toward the 
right. As soon as this displacement of the body passes beyond a certain 
stage, powerful extension of the whole right front leg occurs. If the 
body is brought back toward the normal symmetrical position over the 
three legs on which the animal is standing the extension of the right front 
leg disappears and flexion occurs. Thus one can produce alternative ex- 
tensions and flexions of the foreleg by rocking the body sideways. These 
lateral tilting reactions are reflex phenomena produced by the changes in 
the tension of the adductors of the contralateral front leg, on which the 
animal stands; exteroceptive impulses are not essential. This is demon- 
strated by the fact that the tilting reactions are still present after sectioning 
of the cutaneous nerves of the leg on which the animal stands (stand-leg) ; 
they are abolished after section of the posterior roots of that leg. Anal- 
ogous reactions, resulting in stepping forward or backward, occur if the 
body is shifted passively backward or forwards The hopping reactions 
also occur if the surface on which the animal stands is tilted in one direc- 
tion or another. 

These shifting reactions are essentially brain-stem reflexes, as is shown 
by the fact that they are present though impaired (retarded, hypermetric) 
in the decorticate and decerebellate animal. Rademaker and Garcin 
(1932, 1933) have investigated these and other reactions in the human 
being by putting the subject on a board or bed which could be tilted in 
various directions. 

It is unnecessary to enter here into more details of these and other 
reflex activities and their integration and modification through various 
procedures (labyrinthine reflexes, neck reflexes, and so on). We may 
refer for such details to Rademaker’s monograph (1931), which is a con- 
densation of many years of patient research in close collaboration with 
Magnus, the man who has opened up this entire field of neurophysiological 
research. An extensive review of this book was published by Mussen 
(1932). ^ . 

From this short discussion it be clear that animal posture is the 
result of an enormously complex nervous integration. Some of the 
mechanisms involved are essentially subcortical, but cortical, cerebellar, 
and other subcortical (labyrinthine) and spinal mechanisms greatly in- 
fluence the activities of these postural brain-stem mechanisms. 

The functional importance of these various integrating mechanisms is 
different as one ascends the animal scale. The diminution in importance 
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of the vestibular apparatus as a control mechanism for equilibrium and 
posture in the higher animals is one of the aspects of the complicated 
problem of functional encephalization and corticalization of nervous tunc- 
tions. The other sides of this problem bear also on eciuilibrium and 
posture. Thus it is evident that posture is a very complex fumtional 
picture, differing in many ways from species to species and reaching its 
greatest complexity in man with his upright gait. 

In conclusion, we may make a few remarks about some other related 
findings in human beings. 

In 1923 Foix and Thevenard described as postural reflexes (reflexes 
de posture) the fact that in many muscles a reflex contraction occurs when 
the origin and insertion of the muscle arc approached passively. This 
observation was described in 1877 by Westplial for the tibialis anticus in 
the case of pseudo-sclerosis as “paradoxical contraction.” 'Fhe occunence 
of this reflex in normal subjects w’as demonstrated in 1913 by Wertheim 
Salomonson and was called by him the “sh(niening-ieflcx.” I'he French 
neurologists have subsequently found that this leflex phenomenon can be 
observed in many muscles of the norma! human subject, 'i'hcir denom- 
ination of these reflex phenomena as postural reflexes is a very unhappy 
one; it is too far fetched and can lead only to contusion. What would 
be the advantage of designating the myotatic or stretch reflexes, for in- 
stance the knee-jerk, as postuial reflexes, although in the last analysis 
these reflexCwS are of course of importance wdth regard to posture? And 
so it is with the shortening-reflex of Wertheim Salomonson, which in 
organic lesions of the central nervous system W'ith spastic conditions often 
becomes enormously increased as Westphar.s paradoxical contraction. For 
a discussion of these reflexes see also Delnuus-Marsalet (1927). 

It has previously been stated that in many human subjects with organic 
lesions of the central nervous system whicli involve the pyramidal tract 
typical, constant tonic labyrinthine and neck reflexes may be observed. 
Are they also present in the normal subject? Minkowski (1924, 1925^^, 
1925^) found them in the prematurely born human fetus of three or 
four months' age. Schaltenbrand (1925//^ 1925//), Landau (1923, 1925), 
Peiper, and others liave found tonic neck reflexes in a small minority 
(10-15 per cent) of infants. Hoff and Schilder (1927) claim to have 
observed these reflexes in 70 per cent of the children observed by them. 
Landau has found his well-known positional reflex (dorsiflexion of hca<l, 
opisthotonic extension of spinal column and legs when the child is held 
in a prone position in the air) in about 10 per cent of cluldren during 
their first year after birth. ^ Whether this is a labyrinthine positional re- 
flex, as Hoff and Schilder think, or partly a neck reflex (Fischer) is contro- 
versial.^ I am inclined to accept the latter conception because, as Fischer 
also points out, a strong active contraction of the extensor muschs of the 
neck is necessary to elicit this reflex; passive dorsiflexitm of the head <l<»es 
not produce it. 

The question as to whether in the normal adult human subject typical 
tonic labyrinthine reflexes are present is by no means settled as yet. Mag- 
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nus (1924), Schaltenbrand (1925dr^ \925b), and others categ:orically deny 
the occurrence of these reflexes in the normal adult. Fischer (1928) 
and Hoff and Schilder (1927) admit the existence of tonic neck reflexes 
but deny that of labyrinthine positional reflexes. 

Goldstein and Riese (1923^?^ \923b, 1925), Zingerle (1924, 1925^^ 
1925^^ 1926), and Bychowski (1926) claim that labyrinthine and 
neck reflexes are easily demonstrable in normal man. The first-named of 
these investigators speak of ‘‘induced^' tonus changes in various parts of 
the body (head, limbs, vertebral column) on passive or active movements 
of other parts. Zingerle has made analogous observations in his subjects. 
The difliculty in these investigations is that they require a more or less 
peculiar mental state. Zingerle’s subjects were definitely neurotic pa- 
tients and their mental state was decidedly abnormal, resembling to some 
extent a semihypnotic state (“automatose”). From the descriptions given, 
as well as from nearly all the accompanying figures, I have the impression 
that these phenomena cannot be identified with the true neurophysiological 
reflex phenomena of Magnus and de Kleijn. They represent, in my 
opinion, complicated psychogenic motor reactions, in which the abnormal 
mental state of the subject plays an important role. (See my abstract of 
Zingerle’s paper in the Zentralblatt fiir die gesarnte Neurologie und Psy- 
chiairie, volume 42, page 635.) 

Here should also be mentioned the Lagebeharrungsversuch of Hoff and 
Schilder (1927). If a subject extends both arms forward horizontally, 
then moves one of them downward and then attempts to return to it (with 
eyes closed) to its original position, it is found that this arm is brought 
back into a lower position than it originally occupied. This observation 
is of interest as being indicative of influences of the position of a limb on 
subsequent movements of this limb. But it must be stated that this and 
other reactions described by these authors and others are by no means 
constpt and typical. Many normal persons do not show these reactions 
and, if they do, the reactions are not always in the same direction. Volun- 
tary activity can easily modify md obscure them. This shows that it is 
not permissible to bring them into parallelism with the true brain-stem 
reflexes of Magnus; their functional level is another, and their function^ 
significance doubtful. 

I think it should be emphasized that in many of these and similar in- 
vestigations the authors show a tendency to generalize too readily, to sec 
more analogies with the results of well-controlled animal experiments than 
are actually warranted. This attitude does not lead to really fruitful 
conceptions. On the contrary, it is my firm conviction that such state- 
ments are dangerous and may be even harmful, as premature generaliza- 
tions nearly always are. 

Sdi^tenbrand, Peiper, and other authors have made interesting ob- 
^rvatians on the sitting-up and standing-up from the recumbent position 
txi young children. 
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HUNGER AND THIRST 

W. B, Cannon 

Harvard Aledical School 

In the functioning of our bodies most of the essential proc<*ss<‘s an* 
managed automatically. For example, after the act of swallowing, the 
entire complicated process of digestion is thus controlled, l^hc constancy 
of body temperature, the constancy of the acid-alkali balance in the blood, 
the constancy of blood sugar, and numerous othei conditions which aie of 
prime importance for natural existence are assured by agencies 'which 
operate correctively whenever there is significant deviation from the nor- 
mal state. Among these conditions is adequate provision of food and 
water. Food is continuously required in our bodies as a source of energy 
for muscular work and as a means of repair and renewal of worn or in- 
jured body structuie. Water, likewise, is of the utmost importance; it 
forms the bulk of the blood and lymph and of the fluid inside of cells, 
it serves as a carrier for the transfer of food fiom the alimentary tract 
into the blood stream, it helps to make a lubricant between moving sur- 
faces, and it plays an essential part in the control of body temperature. 
Clearly, both food and water aie among the first necessities of the organism. 
At all times, however, they are both being spent. Volatile •waste fiom 
the burning of food material in the body is carried away by every breath. 
Other, non-volatile waste is always passing out through tlie kidneys. Serv- 
ing as a vehicle for the discharge of this waste is water. Also w'ater is con- 
tinuously being evaporated from the respiratory surfaces and by ins<»iisible 
perspiration from the skin as well. 

Since food and •water are steadily being lost from the body, the only 
way in which a constant supply can be maintained is by means of storage 
and gradual release. Food is stored in the well-known forms of fat and 
body starch or glycogen, and probably also as protein in small masses in 
the liver cells. Water is stored in tissue spaces and in tissue cells. As 
need arises, these stored reserves are set free for use. The reserves them- 
selves, however, must be replenished. It is the function of hunger and 
thirst as automatic stimuli to make certain that the reserves of food and 
water are maintained. 

IlaNCKR AN0 I'HrUST VERSUS ApUCTITK 

^ In any discussion of hunger and thirst it is important at the outset, 
Cannon (1929, Chap. XV) has emphasized, to distinguish <‘ar<dully be 
tween these sensations and appetite. The experiences of hunger Jimi 
thirst arc so well known that their definition may be deferred until Intei. 
A.ppetite has been regarded as a mild form of hunger (u* thirst. If 
belongs, however, to a quite different category. A])pet!te is dep(*it(l(»nt 
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Upon previous experience which was of such ac;reeable character that 
there is a desire for repetition of it. Thus, we have an appetite for a 
particular food or drink in accordance with the pleasure which it has 
given, although there is no real state of hunger or thirst. We eat a 
delectable dessert at the end of a long meal when we are not at all 
hungry, and we take a drink that gives us pleasure when we are not 
thirsty. The appetite for food and drink may lead to the^ taking of 
both nutriment and fluid far beyond bodilv requirements. These appe- 
tites are in the nature of invitations to indulgence, and, as will be seen, 
are quite different from either hunger or thirst. If, however, an appetite 
does not lead to the taking of food or drink, then the much moie exact- 
ing demands of hunger or thirst appear and act as impelling agencies 
w’hich insistently require the eating of food or the drinking of water or 
water V fluids. 


The Nature and Basis of Hunger 

Hunger has been described, and most persons recognize the correctness 
of the description, as a very disagreeable ache or pang or sense of gnawing 
or pressure which is referred to the epigastrium, the region just below the 
tip of the breast bone. In a large group of persons there are almost in- 
variably two or three who declare that they have never felt this sensation ; 
possibly they have never been in a situation where a serious deficiency of 
food prevailed, or appetite, habit, and immediate provision have led to the 
taking of food before hunger has arisen. Experience of hunger, however, 
is so commonly recognized in the terms above mentioned that it may be so 
defined. 

Theories of Hunger. The older theories of hunger assumed that it 
was a “general sensation*^ which was based on a general bodily need for 
food. It was supposed that the lack of food in the circulating blood 
directly stimulated the cells of the brain, among others, and that the sen- 
sation thus arose. According to this view, the common reference of the 
sensation to the vicinity of the stomach was explained as due to an associa- 
tion developed by the disappearance of the hunger pang when food w^ 
taken into the stomach. There are, however, serious objections to this 
view”, which may be summarized as follows: 

1. The cells of the brain are relatively insensitive to chemical stimula- 
tion; indeed, they are insensitive also to most forms of mechanical stimu- 
lation. The brain may be cut and manipulated in a conscious individual 
without any experience of discomfort. Even if there were food deficiencies 
in the blood, it seems quite unlikely that they would affect the cells of the 
cerebral hemispheres. 

2. In certain times of great general bodily need, as, for example, during 
fever, when food is not relished, when it is commonly not taken in con- 
siderable amounts and may be ill digested, when there is actual wasting of 
the body — ^when, in short, hunger as a general sensation should be most in- 
tense — ^it is in fact usually absent. 
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3. The sM'allowin^ of indi.i 2 :e>lible materials, si'cli as soiaos <>f it^aiher, 
bits of moss, or even clay, has been reported as a means of stoppinp; the 
sensation of hunger. Since these do not provide food whicli woulii supply 
exigent brain cells, banishment of the sensation by them indicates that the 
sensation is not dependent upon general bodily requirements of nutrition 
expressed particularly in the requirements of the cerebral cortex. 

In addition to the foregoing reasons for not crediting the theory tliat 
hunger is a general sensation, it is noteworthy that that theory does no* 
account for the quick onset of hunger. TManv persons have reported that 
the hunger pang or ache appears abruptly. That there could be any criti- 
cal change in a general bodily state which would account for this sudden 
appearance of the phenomenon is highly improbable. Furthermore, by care- 
ful attention to hunger pangs, they may be observed to recur rhythmically; 
they come and go with a fair degree of regularity. There are no such varia- 
tions in bodily needs. It is incredible that plenty of food material would be 
available for use in the body one minute, and a minute later a serious de- 
ficiency would occur, and perhaps a minute thereafter the supply would be 
adequate again. Opposed to the theoi> that hunger has a diffuse origin in a 
general bodily need, the quick onset and tltc periodicity of the sensation raise 
obstacles which cannot be satisfactorily set aside. 

The theory that hunger is a general sensation, moreover, fails to explain 
the local reference to the epigastrium, ^fhe supporters of that theory, to 
be sure, have declared that it is fallacious to ascribe the pang to a change 
there because it may be a ^‘referred sensation,” like the referred sensation 
of tingling, for example, experienced by a man who has lost the part of his 
body in which the tingling seems to originate. The justification for this 
criticism, however, depends upon whether there is, in fact, a local change 
in the vicinity of the epigastrium that is temporally associated with the 
sensation and that might reasonably account for the hunger pang which is 
actually felt There is, indeed, evidence that changes occur in the stomach 
which would account for the sensation. 

The Local OrUjin of Hunger Pangs* Various theories have been offered 
to account for the origin of the hunger sensation by events in the stomach. 
The emptiness of the organ, the presence of hydrochloric acid within it, 
and the turgescence of the secreting cells in the gastric wall have all been 
suggested as possible causes of the pangs. It is obvious, however, <|uitc 
apart from other reasons which might be cited, that the quick onset and 
the frequently recurring periods of hunger are not consistent with these 
views. The stomach would have to be empty and full within two minutes, 
hydrochloric acid would have to be present or absent within the same period, 
and the gastric glands would have to be turgid and flaccid with similar 
speed. All these suppositions involve impossibly rapid changes. 

The observations on fairly frequent and rhythmic recurrence of hunger 
pangs, together with associated sounds of moving air in the stomacli region, 
led Cannon (1911, p. 204) to the idea that the pangs might be due to 
strong periodic contractions of the muscle of the gjustric wall In 1911 
he made observations on Washburn (1912), who had accustomed hixuself 



250 


HANDBOOK OF GENERAL EXPERIMENTAL PSVCEIOLOGY 



Diagram Showing the Method Used I'o Record the Gastoic 
Hunger Contractions 

A, kymograph record of the increase and decrease of volume of the gastric 
balloon, R. C, time record in minutes. D, record of the subjective expeiience of 
hunger pangs. R, record of the pneumograph placed al>out the waist; this record 
proves that the hunger contractions do not result fiom action of the muscles of 

the abdominal wall. 

to the presence of a rubber balloon in the stomach and to a tube in the 
esophagus, which led from the gastric balloon to a recording apparatus 
(see Figure 1). A pneumograph about the abdomen, which recorded 
abdominal motions, gave assurance that the pressure changes recorded in 
the stomach w'ere not due to contractions of the abdominal musculature. 
A key in the subject’s right hand was pressed when he felt the sensation 
of hunger. Volume changes in the gastric balloon, a time-marker for 
minutes, the signal which registered the sensation, and respiratory changes 
in the abdominal pneumograph were all recorded in the same vertical 
line on a moving kymograph drum. In Figure 2 is reproduced the first 
record obtained by use of this method. 

As shown in Figure 2, there are powerful periodical contractions of 
the empty stomach, lasting approximately 30 seconds and recurring at inter- 
vals which vary from 30 to 90 seconds, with an average of about 60 seconds. 
As the reader will observe, the testimony of the subject that he experienced 
a hunger pang was not recorded until the contraction had nearly reached 
its peak. The sensation therefore was not the cause of the contraction — 
the contraction was the cause of the sensation. 

The observations made by Cannon and Washburn were soon confirmed 
by Carlson (1912). He studied the phenomena of hunger in a man with 
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FIGURE 2 


Photograph of the First Record of Hungfr Contractions Associated with 
Hunger Pangs, Taken May 17, 1911 
One-half original size. 

(Fiom W. B. Cannon’s “A Consideration of the Nature of Hunger,” Pop, Sci Mo,, 

1912.) 

a gastric fistula, and also in himself by becoming accustomed to a gastric 
balloon as Washburn had done. In a series of interesting researches on 
human beings and on various kinds of lower animals, Carlson (1913) and 
his students have brought out many new aspects of the hunger pangs and 
the relations of gastric contractions to them. Among the characteristics 
of the phenomena, they have shown that hunger usually begins with occa- 
sional weak contractions of the empty stomach, and that these contrac- 
tions become gradually more vigorous and appear at shorter intervals 
until an acme of activity is reached which may end in a true spasm of 
the gastric muscle. Either the single contractions or the spasm may be 
associated with the typical, unpleasant ache or pang or gnawing sensation 
which has long been recognized as the experience of hunger. After the 
acme^ of activity lias been reached, the stomach usually relaxes and remains 
inactive for a period, whereupon it starts again with occasional weak con- 
tractions, and the cycle which has just been described is repeated. Carl- 
son's subject with a gastric fistula reported that distention of the stomach 
by means of the balloon or rubbing the mucous lining with a smooth 
object did not cause sensations of hunger unless these procedures produced 
contractions. It is definitely the contraction of the gastric muscle that 
brings about the hunger pang. 

By observations^ on the pressure changes in the stomach as recorded 
from an intragastric balloon, at the same time that the gastric contractions 
were examined by means of the X-rays, Rogers and Martin (1926) have 
found that there are two types of activities in the stomach during the 



252 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


hunger pang. At the height of a pang the lower portion of the stomach 
may be so strongly contracted that the cavity there may be completely 
obliterated. In addition, there may be unusually powerful peristalsis at 
such a rate that a second wave appears before the first one has disappeared. 

Carlson and his students have studied with care the conditions which 
might influence the hunger contractions. The contractions, they have 
found, occur in a typical manner during sleep — a fact which explains in 
part the occasional restlessness of sleep. They are stopped by chewing and 
temporarily by swallowing, as Cannon (1911, p. 204) also had observed. 
It is well known that strong emotional states abolish all digestive activities 
of the alimentaiy tract; these states likewise abolish the gastric contrac- 
tions associated with hunger. The contractions are weakened and may 
be completely checked by smoking, and apparently in this respect the 
efficacy of smoking varies according to the “strength” of the tobacco. The 
direct introduction of alcoholic beverages — undiluted beer and wines, and 
10-per-cent alcohol — into the stomach through a gastric fistula caused 
cessation of the hunger contractions and also lessening of the tonus of 
the empty stomach. Very vigorous muscular exercise inhibits the periodic 
waves of hunger, but after the inhibition they are likelv to recur with an 
intensity greater than before. Moreover, strong tightening of an abdomi- 
nal belt nearly always leads to a stoppage of the contractions, when they 
are of weak or moderate strength, that lasts from five to fifteen minutes. 
The stoppage may be partial or complete, but in either case the contractions 
reappear despite continued pressure of the belt. 

The interesting problem arises as to what induces the stomach, while 
empty, to contract with a vigor which is greater than that observed in the 
ordinary peristalsis recurring regularly during the digestion of a large 
meal. Reverting to the view that hunger is an expression of a general 
bodily need of nutriment, Muller (1924, pp. 524-530) has expressed the 
opinion that this need affects a part of the brain, which thereupon induces 
the gastric contractions and thus indirectly causes hunger pangs. That 
the powerful contractions are not due to extrinsic nervous influences, how- 
ever, has been proved by completely isolating the stomach from the brain 
and spinal cord and later observing that the typical contractions occur, 
though at somewhat longer intervals than in normal animals (Carlson, 
1913). Again, it is known that the elective source of energy for muscular 
contraction is carbohydrate food — glycogen or sugar. It seemed possible 
that a deficiency of this energy-yielding material might be signalized by 
excessive contractions of, the smooth muscle of the stomach. Bulatao and 
Carlson (1924) observed that if the sugar concentration of the blood 
was reduced about 25 per cent by use of insulin the hunger contractions 
became more intense — an observation which has been noted subjectively 
in human beings who have received an overdose of insulin. That this 
^ect is caused by the lowering of blood sugar and not by insulin was 
proved by La Barre and Destree (1930). They followed the gradual 
drop of the glycemic level after removal of the liver and found that 
gastric contractions began to appear when the sugar percentage reached 
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about 75 mg. per cent (i.e., about 25 per cent beion^ nomiai), and that 
within limits their intensity and frequency increased rapid l> as me per- 
centage fell to lower levels, Bulatao and Carlson repoileu that on 
injection of sugar into the blood stream the hunger contractions weie 
abolished. Although this evidence is suggestive, it cannot be ugaidcd 
as definite proof that the hunger contractions are due to lack of cncu- 
lating sugar, for the amount of sugar used to abolish the conti act ions 
was excessive both in amount and concentration as compared with ntunial 
blood sugar. Moreover, if a pyloric pouch or accessory stomach is made 
by isolating a part of that organ from its main body, the activity of the 
pouch is not affected by insulin or by intravenous injections of glucose 
(Quigley and Templeton, 1930). And, furthermore, Quigley and Hal- 
loran have observed that the spontaneous hunger contractions of normal 
or vagotomized dogs arc not modified by intravenously infused glucose 
in a wide range of doses. 'Hie discrepancy between the behavior of the 
gastric side-pouch and the main body of the stomach, just mentioned, 
points to a local automatism as the primary factor rather than to the 
condition of the blood, for the character of the blood flowing to the 
pouch and to the main body of the stomach is necessarily the same. The 
problem as to the cause of the contractions, therefore, still remains un- 
settled. 

The conception of the local, peripheral origin of hunger, developed in 
the foregoing paragraphs, has been criticized by Hoelzel (1927), who has 
emphasized a ‘^ccntral’^ origin of the sensation. He has not made clear, 
however, his definition of hunger ; he intimates, indeed, that it is not a sen- 
sation but an urge to action, and he furthermore presses the point, which 
has been recognized by various observers, that hunger contractions may 
exist without producing the characteristic sensation. It is true that hunger 
does urge to action — indeed, as a rule, every disagreeable sensation is 
attended by an impulse which leads to such action as would result in 
abolishing the unpleasant experience. To magnify the impulse so exten- 
sively as to have it comprise all the .subjective phenomena of hunger would 
appear to be a mistake. Again, in arguing that hunger contractions 
are not the source of hunger pangs because they may exist without 
producing the characteristic sensation, Hoelzel fails to recognize that many 
circumstances may prevent stimuli from having their usual effect. The 
same criticism can be brought against the statement of Christensen (1931) 
that in normal individuals he has not been able to find any relation 
between the presence or the strength of gastric contractions and the 
presence or intensity of hunger sensation. He did, indeed, find that in 
patients with disease of the stomach typical ‘‘hunger pains** were asso- 
ciated with vigorous contractions of the empty or neatly empty stomach. 
But even under these conditions strong contractions were recorded that 
were not associated with hunger pains. This is, however, negative evi- 
dence. A ticking clock may not produce the sensation of ticking because 
other stimuli are simultaneously affecting the nervous system or because, 
for instance, the nervous system may be dulled by sleep. That the 
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ticking is not heard at times does not piove that it does not produce the 
sensation when it is heard. There is good evidence that by paying atten- 
tion to hunger contractions and watching for them, their subjective results 
in hunger pangs may be intensified. It is also ceitain that by appeals 
to other interests hunger sensations may be largely eliminated from con- 
sciousness. Negative evidence, therefore, can have little force in oppo- 
sition to the positive testimonv of numerous investigators who, since the 
time when Cannon and Washburn studied the phenomenon, have found 
that the pangs of hunger have their immediate source in strong con- 
tractions of the gastric musculature. 

The Nature and Basis of Thirst 

Thirst is a sensaticai leferred to the inner surface of the mouth and 
throat, especially to the root of the tongue and to the back part of the 
palate — a highly unpleasant sensation of dryness or stickiness. The tongue 
cleaves to the teeth or to the roof of the mouth, or a lump seems to be 
present at the back of the throat, and there is repeated swallowing in 
order to dislodge it. All accounts of well-marked thirst agree that its 
main characteristic is the dry mouth. King (1<S7S), who described the ex- 
perience of a United States cavalry troop w^hich was lost for more than 
three days on a desert in the southeastern part of the United States, re- 
ported that on the third day there was no secretion of fluid into the mouth, 
that attempts to chew resulted in food sticking in the teeth, and that 
sugar did not dissolve on the tongue. 

Other evidence which relates local dryness of the mouth with thirst is 
found in experiences which result in a rapid evaporation of the moisture 
of the mouth or a diminished production of fluid there. For instance, 
the breathing of hot, dry air, as well as prolonged speaking or singing, or 
the chewang of dcssicatcd food such as dry crackers, will lead to the sensa- 
tion of thirst and the desire for something to drink. Fear and anxiety 
likewise are associated with dryness of the buccal mucous membrane and 
may cause distressing thirst. Besides these local conditions, however, 
there are certain general bodily states which may produce the sensation. 
Profuse sweating, for example, or the excessive loss of fluid from the body 
in the course of disease as in the diarrhea of cholera or in the abundant 
discharge of water from tlie kidneys in diabetes, will provoke thirst to an 
intense degree. It is noteworthy that the withdrawal of milk from the 
body by a nursing infant induces in the mother a dominating desire for 
water. And after extensive hemorrhage thirst is tormenting — in the hos- 
pital wards after a battle the cry for water is almost universal. 

In accordance with the evidence that thirst is due to local dryness of 
the mouth and also accompanies states of water need in the body as a 
whole, there have developed theories concerning the nature of the sensa- 
tion similar to those developed for hunger ; some ^ experimenters have 
advocated the view that thirst is of local, peripheral origin, and others have 
argued that it is a general sensation. 

Theories of Thirst, The theory that thirst has a general or diffuse 
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origin has been based on the supposition that M^hen there i'* \ ninJ i . Ion of 
the water content of the bod}" all parts may suiter from iLe i.err'ttnee; 
supporters of this theoiy explain the local reference to the hati. o' ihe 
mouth as due to an association between the feeling of drynes^ tiu-re rri‘! 
fairly quick disappearance of the feeling when water is taken, 'ilt'. 
ogy between this view and that of a conditioned local iefereiu<* nt- Inm- 
ger to the stomach is obvious. The evidence supporting the idea that 
thirst has a diffuse origin is in the main derived from certain general modes 
of treatment of thirst which affect the body as a whole and which aboKsbj 
the sensation. For example, thirst may be promptly banished by the in- 
jection of water under the skin or into the intestines. The introduction of 
water by these loutes does not moisten the pharynx, and yet the desire for 
water disappears. In commenting on this evidence the point may be made 
that the treatment, though general, may change the local conditions in 
the mouth and throat so that the sensation no lunger arises from that region. 
If this should, indeed, he tiue, the abolition of thirst by general treatment 
would not prove that thiist has a diffuse, general origin, but rather would 
prove that it has a local origin in the pliar}nx. The main fact which must 
be kept in mind is that the thirsty man docs not complain of a vague gen- 
eral condition, he complains of a parclied and burning throat. I'hat 
phenomenon must be accounted for in any theory of thirst which may be 
offered. 

Muller (1924, pp. 530-537) has suggested that lack of watei increases 
the concenti ation of crystalloid substances in the blood, that this excites 
a region in the base of the brain, and that tins in turn discharges impulses 
which cause contractions of the esophagus which give rise to thirst sensa- 
tion. Records of esophageal contractions arc icported as being more pro- 
nounced after prolonged deprivation of water than they arc when the 
water supply of the body is abundant. These records show, howewer, 
marked oscillations of the intensity of esopliageal activity — such oscillations 
as cause the hunger sensation to be felt as recurrent and rhythmic. Since 
thirst is not experienced in this manner, but is a steady and persistent dis- 
comfort, the evidence that esophageal contractions cause the sensation seems 
unreliable. Furthermore, Muller’s interpretation fails to take into ac- 
count the central fact of thirst, which has been emphasised by all observers 
— the distressingly dry mouth and pharynx — and also the empirical testi- 
mony that this dryness of the mouth is, in fact, the source of the sensation* 
For example, persons suffering from severe thirst because of great losses 
of water through the kidneys have had their distress relieved when tlie 
sensitiveness of the nerve endings at the back of the mouth was destroyed 
by painting the region with cocaine. Moreover, sipping a small amount ot 
water and temporarily moving it about in the mouth will stop the sen- 
sation. Also, holding in the mouth a substance which caustjs secretion of 
saliva — a bit of lemon, for instance — will lessen thirst. None of th<‘se 
procedures supplies water to the body, and yet the distress is miligat(*d. 
Their efficiency in bringing relief does not suggest, however, any raiionai 
account of the relation between the local dryness and the watt‘r kick in the 
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organism as a whole. Such an account must explain how the dry mouth 
as a local condition may be a means of automatically indicating bodily need 
and of automatically leading to the satisfaction of the need. Clearly, an 
arrangement must be sought which, when the body requires water, would 
cause the mouth to become diy. This arrangement might leasonably be 
expected to be found only in animals which are continuously and rapidly 
losing water and which therefore must have repeated renewal of the water 
supply in order to maintain a normal condition. These clues have been 
followed (Cannon, 1929, Chap. XVI, or 1918). 

Among vertebrates the fishes alone are strictly water-inhabiting animals ; 
amphibia may live in air but they must remain near water so they may 
resort to it if they tend to become dry; only reptiles, birds, and mammals 
are strictly inhabitants of the air. The water in w'hich fishes live wets 
constantly their body surface, and furthermore it is constantly passing 
through the mouth and out through the gills in providing for respiration. 
This stream of water moving through the moutli offers a continuous 
supply, and under such circumstances it seems improbable that thirst 
would aiise. The conditions are quite different in the air-inhabiling 
forms. The body surface, which is in contact with the air, is dry. 
No longer is there a water current which keeps the mouth moist. 
Instead, there has been added to the structures of the head a nasal chamber 
through which an air current passes. It is noteworthy that at the back 




FIGURE 3 

Midsection op the Head of a Fish and the Head of a Man To Show the New 
Relations of the Water Course from the Mouth to the Gill Region 
IN Air-inhaeiting Animals 

Note that in the pharynx the air current passes to and fro across the ancient 
water course (which is cross-hatched). 
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of the mouth this current crosses the phar\^nx to reach the ’I'/irdpipe or 
trachea (see Fij^ure 3), Microscopic examination shows rhrt the hning 
of the nasal chamber and of the trachea is well piovideci witli cells w'hich 
secrete a mucous fluid. On the other hand, the lining of the bar^ (/. the 
mouth and tlie phar\nx consists of flattened epithelium in which iheie arc 
very few of the secreting cells. The air which passes to and frc^ acicss 
this ancient water course would therefore tend specifically to dr> tjie 
region. Prolonged speaking, singing, or smoking, wdiich w'ould deprive 
the pharynx of the advantage of previously moistened air, because the air 
would be drawn in mainly through the mouth and not through the nose, 
would be especially favorable to drying the mucous meinbiane at the 
crossing. The sensation of dryness and stickiness in this area, as already 
noted, is commonly recognized as thirst. 

The question now arises, why doe^ not the mucous membrane of the 
back of the mouth always feel diy and sticky? And since it does not 
alw'ays feel so, w'hy does it feel so when the body is in need of water? 
Again, a compaiison of water-inhabiting animals with air-inhabiting ani- 
mals ojffcrs a suggestive clue. 'I'he study of comparative anatomy has 
revealed the fact that vertebrates which live in w'atcr do not possess buccal 
glands. Vertebrates wdiich live in air, however, have such glands as newly 
developed features associated wdth their new type of environment. In 
the higher air-inhabiting forms the buccal glands have become evolved 
into the well-known salivary glands. 'Phere are three of these on 
each side of the mouth, each gland provided with a duct. The ducts 
empty either on the side of the mouth or under the tongue. The saliva 
which the glands produce has a water content varying between 97 and 99 
per cent. It is a striking fact that mammalian forms which have re- 
turned to a water habitat after having developed as land animals, such 
as the whales and the porpoises, have no salivary glands or very small 
remnants. The theory which these facts suggest is that wdicn water is 
lacking in the body the salivary glands are unfavorably affected, along 
with other structures, by the deficient w^ater supply; that they differ from 
other structures, such as muscle, for example, in requiring a large amount 
of w^ater for the performance of their function, which is that of pouring 
out a secretion consisting almost wholly of water; and, furthermore, that 
they occupy a peculiarly strategic position, for if they do not have water 
to utilize for secretion and are therefore unable to secrete, the mouth and 
pharynx become dry and thus the sensation of thirst arises. Such is the 
theory of thirst which would account for a local, peripheral source at the 
back of the mouth, when there is general bodily need of water. 

Evidence That Thirst Is of Local Origin, The evidence that thirst 
results from a dryness due to deficiency of saliva may now be given: 

1. I'he chewing of a tasteless gum for five minutes will result re- 
peatedly in a fairly uniform amount of saliva. In observations which 
Cannon (1929) made upon himself this averaged about 14 cc* In an ex- 
periment in which no fluid was taken between 7:00 p.m. of one day and 
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3:00 P.M. of the next day, there was no diminution of the amount of saliva 
that resulted from the standard period of mastication until after 1 1 :00 
A.M. During the next three hours of the test the amount secreted was 
gradually reduced from approximately 14 cc. to less than 8 cc. Thereupon, 
at 3:00 p.m., 1000 cc. of water was drunk. A collection of saliva during 
each of the following four hours by the standard method proved that the 
discharge from the salivary glands had been piomptly restored to approxi- 
mately the pievious amount and was there maintained. During the period 
when the saliva flow vas diminishing, the sensation of thirst became prom- 
inent. After the w'ater was drunk and the saliva was again secreted, the 
sensation of thiist disappeared. The coincident association of bodily need 
for water, diminished flow of saliva, and the sensation of thirst strongly 
suggests that the deficient functioning of the salivary glands signals the 
bodily need by causing the unpleasant sensation. The observations just 
described have been confirmed by Winsor (1930), yIio obseived the 
effect of deiij'dration on tlie secretion of saliva from the parotid gland. 
The saliva was collected in a giaduated tube connected to a suction cup 
set over the opening of Stenson’s duct. 'Hie conditions studied were the 
chewing of a tasteless gum at a standard rate for IS minutes, the ^‘normaU^ 
salivaiy flow without special stimulation, and the effect of a dry buccal 
and pharyngeal mucosa due to breathing through the mouth. Under 
each of the three conditions the salivary output fell, until, 70 hours after 
the last drink, it was much reduced. Tht response to chewed gum was 
only one-sixth its foimcr amount. A few minutes after drinking 1000 
cc. of water the output was restored nearly to normal. Although Winsor 
admits that membranes around the base of the tongue arc affected first 
when liquids are withheld from the bod}’", and that the sensation of dry- 
ness there is ordinarily thought of as thirst, he calls it a “false thirst.’^ 
The reason for this term lies in the observation that when the subject 
continues chewing gum and thus keeps the mouth moist, there appears, 
after the second day of water deprivation, a craving for liquids, or “true 
thirst^’ At that stage, it should be noted, the standard stimulus called 
forth less than half the usual flow of saliva, 'fhe saliva, furthermore, 
was being collected from the parotid, a “serous’’ gland. The saliva in 
the mouth, however, was admittedly very viscous. It was coming from 
the other glands which are largely “mucous.” Has not Winsor re- 
ported on the fluid produced by one type of gland, and neglected to 
consider that the conditions in the mouth were caused by other types of 
glands? The viscous saliva, small in amount, would result in an un- 
pleasant, sticky sensation, closely allied to the unpleasant sensation of 
dryness. The “craving for liquids” can be interpreted as an intensifying 
of the impulsive concomitant of the disagreeable state, the tendency to 
escape from it. 

That “dehydration” will lessen the salivary output in lower animals 
as well as in man has been shown by Crisler and by Gregersen. Crisler 
(1928) observed that the conditioned secretion of saliva was practically 
abolished in dogs three to five days without water, and that, after drink- 
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inj;*, the usual response \^as \ery quickl\ lesto.et). MOJi) 

found that in clocks pantini^ is accompanied by a leoui^ ,, out- 
flow of saliva fiom the submaxillan j^lancl, as ineasuu J .n tuiv vi- 

inf 2 : from a permanent iistula of the duct. Deprivation of aually 

reduces the re^^ular secietion and then drinkin'jj quickh lesroie. ihi* 
to its usual amount. 

2. By wrappinii the body in very warm blankets and apph nv^ 

water bottles it is possible to cause abundant sweatin^u Cannon ioond 
that the larp:e loss of \\ater from the body induced thereby lessen-^ ihe 
output of saliva, which results from standard stimulation for a stamlaul 
period, to about one-half ^hat it was before the water loss. Associated 
therewith was a nolewoitiiy dryness of the mouth and an unpleasant 
thirstiness. Tins condition was soon obviated by the drinicinp; of water. 
Wmsor (i9'^0) likewise noted that when his subject reclined in a tub 
of hot water F.) for one hour the parotid secretion produced 

by chevt'in^x a tasteless ^nmi for 15 minutes was reduced SO per cent. 

Drinkino: water promptly restored the normal rate. 

3. In another exp<‘iiment Cannon (102^^ Chap. XVI ) showed that the 
subcutaneous injection of the dni^ atropine caused the salivary output 
resultinji; from mastication for a standard period t<i fall from 13.5 cc. to 
I cc. 'I'his occurred without anv noteworthv loss of 'uaitei from the body. 
Neverthtdess, all the fetdinjis of oulinasv thirst were present 'I'he un- 
pleasant dry surface of the interior of the mouth, the sense of stickiness, 
the difficulty of speakin^i; and swallow all these particular features 
of thirst appeared in associati<Mi with the characteristic mas.s senvsation. 
In this experiment atropine had its usual peripheral effect of stopping the 
flow of saliva; and by thus producing local drvness of the mouth it gave 
rise to the usual experience which attends that condition. 

4. There is a well-estahlished reflex secretion of saliva after the mouth 
becomes slightly dry. A very simple experiment is that of chewing an 
indifferent substance for five minutes and comparing the amount of saliva 
thus obtained with that which is olitained by breathing only through the 
mouth for five minutes. At first the passage of air to and fro through 
the mouth gradually dries llie surface. As the surface becomes more and 
more dry, however, saliva is poured out and the amount collected as it 
flow^s forth may be considerably greater than tliat obtained by the chewing. 
1'hc presence of this reflex indicates that salivary glan<ls have as one of 
their special functions the moistening of the mouth. This observation is in 
harmony with the observations made by Pavlov (1910) that dry food is 
peculiarly effective in evoking a marked salivary discharge, 

5. Many years ago Bidder and Schmidt (1852) tied in dogs the ducts 
of the salivary glands and made the interesting observation that such ani- 
mals arc always ready to drink water. The tying of the ducts, of course, 
has no effect on the waiter content of the body, but it is effective, like atro- 
pirje, in causing a dryness of the mouth. Under these circumstances the 
animal acts as if quite as thirsty as an animal long deprived of water. 
The local dryness fully accounts for the observed behavior. Unfortu- 
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nately, Bidder and Schmidt did not detail the conditions of their experi- 
ment. Recently Montgomery (1931) has removed the salivary glands 
from dogs and has reported that in these animals, fed moist food (25 cc. 
of water added to 100 gms. of food), the average daily water intake was 
not increased. It is noteworthy that the buccal mucous membrane re- 
mained moist, and that the glands (other than salivary) of the nose, 
mouth, and pharynx produced a measurable amount of fluid (about 9 
gms. per hour when the dog was awake). It seems quite possible that 
under these circumstances the glands of the mucous surfaces of the mouth 
and pharynx are adequate. Gregersen and Cannon (1932) have shown 
that if dogs deprived of the function of their salivary glands are placed 
in a warm room wliere they exhibit panting, i.e., where they are exposed 
to conditions which tend to dry the buccal mucous membrane, the water 
intake may be increased well over 100 per cent. Under conditions which 
make the mouth drj^ therefore, a deficient salivary flow evidently causes 
thirst and a greater water intake even in the absence of bodily dehydration. 

Gregersen (1932) has recently shown that when the times of drink- 
ing and the amount of water drunk are registered graphically, the water 
intake of dogs occurs almost entirely witliin the first few hours after 
they are fed, regardless of the time when food is given. If no food is 
given for 24 hours, the usual amount that is drunk is reduced to one- 
fourth the normal, or less. Furthermore, if the giving of water is delayed 
for some time after the feeding, the 24-hour intake is ordinarily much 
less than when water is given freely through the period immediately after 
the feeding. These typical features of the behavior of the animals are 
explained by the^ loss of water from the body into the contents of the 
digestive canal, in the abundant secretion of the digestive juices from 
the salivary glands,^ the gastric wall, the pancreas, the liver, and the mu- 
cosa of the small intestine. The water in these secretions, which pass 
out of the body into the lumen of the alimentary tract, is as if actually 
lost to the organism. There is temporarily a considerable reduction of 
the blood volume because of this water loss. Under these circumstances, 
the salivary glands are deprived of the main constituent of their secretion 
and are unable to keep satisfactorily moist the mucous membranes of the 
mouth. Thus is explained the behavior of the dogs in the few hours 
after they eat, when they drink abundantly. Thus is explained, also, 
their failure to drink if they have not been fed, and thus, also, is ex- 
plained their failure to drink abundantly if there is considerable delay 
in giving them water after a meal, for the digestive juices which have 
been poured out have then been restored to the body again by absorption, 
and the need for water is no longer present 
6. Thirst as a consequence of fright and the attendant checking of 
salivary secretion are well known. Dr. H. J. Howard (1926), of Peking 
Union Medical College, has vividly reported his experiences when he 
thought he was about to be shot by Chinese bandits. “So I was going to 
shot like a dog! My tongue began to swell, and my mouth to get dry. 
This thirst rapidly became worse until my tongue clove to the roof of my 



W. R. CANXON 


261 


mouth, and I could scarcely t^ct my breath. The -Jurst \\ac 5 chokinj;: me 
. . . I was in a terrible state of fear.” He prayed fot strrav^th to meet 
his approachini^ doom and soon fear left him as he determined to die like 
a man. ^‘Instantly my thirst bejran to disappear,” he writes. “In h*ss than 
a minute it was entirely gone and by the time we had reached the :^atc i 
was perfectly calm and unafraid.” Again the intense and distiessing 
sensation of thirst was not associated with a real lack of fluid in the hoJ> 
but resulted from a local condition in the mouth.^ 

The foregoing observations taken togethei support the conclusion that 
thirst is normally the consequence of a drying of the mucous membrane of 
the mouth and pharynx when the salivary glands fail to keep this region 
moist. The continuous loss of water from the body through the kidneys, 
through the respiratory passages and the skin does not cause any appreciable 
change in the water content of the blood for a long period. Observations 
made by Mayer (1900) have shown that there may be no demonstrable 
change in the blood of a dog after three days of total deprivation of water. 
It is clear that the blood is maintained in a constant state at the expense 
of the water reserves in the tissues and in the cells of the body structures. 
Among the structures which are called upon are the salivary glands. As 
pointed out above, however, they require water for their proper service to* 
the organism. Not having water available they cannot perform that ser- 
vice and consecpicntly the mouth becomes disagreeably dry. When water 
is drunk it is at once made available for the salivary glands and they can 
again perform their special function of keeping the buccal cavity moist and 
lubricated. 

The evidence cited above also offers a new explanation of the experi- 
ments which have been adduced to support the theory of thirst as a general 
sensation. It is obvious that if a condition of thirst has arisen because 
of bodily need for water the introduction of water under the skin or into 
a blood vessel or by way of the intestines will result in a supply which will 
allow the salivary glands to operate. The mouth, which has been dry 
because of their failure to operate properly, will be moistened again, and’ 
the sensation of thirst will disappear. Its disappearance will not result 
directly from the satisfaction of a general bodily need^ but will result in- 
directly from the moistening of the buccal lining, which, when dry, pro- 
duces a highly disturbing experience. 


the first edition of this l)ook the experiments of Pack {dmen J, Physiol,^ 
3923, 66, 346-349) were cited, in which rabbits were deprived of water for seven 
days and, after some of them had been given pilocarpine to increase salivary 
secretion, all were allowed to drink; the animals which had xeceived the drug 
drank much less than the others, a difference of behavior interpreted as due to 
moistness of the mouth. Oregersen has confirmed Pack^s observations but is 
convinced that pilocarpine disturbs the animals so profoundly that Pack’s con- 
clusion is unwarranted. The same objection may reasonably be brought against 
the experiments of Montgomery {dmer* J. Physiol,^ 1931, 96, 35-41), whose dogs,, 
when given pilocarpine after a thirst period of two days, did not drink less 
than other dogs not given pilocarpine. Except in one test the drug made all 
the dogs vomit Obviously, the animals were far from being in a normal state. 
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In the foregoing discussions of the nature and physiological basis of 
hunger and thirst no attention has been given to the abnormal manifesta- 
tions of these two states. There are instances of intense hunger bej'^ond 
normal limits and also instances of unquenchable thirst as, for example, 
in diabetes insipidus. Such pathological states are of interest in connec- 
tion with the physiological explanations for these sensations, but space will 
not permit discussion of tliem in this brief account. 

The modes of action of the appetites tor food and drink and of the 
sensations of hunger and thirst in maintaining the bodily supplies of nutri- 
ment and water may be regarded as typical of other arrangements in the 
organism which operate for the welfare of the individual or the race. As 
Perry (1926) has pointed out, behavior may be directed by both negative 
expectation — the riddance of disturbing stimulation — and by positive ex- 
pectation — the prolongation or renewal of agreeable stimulation. Hunger 
and thirst belong to the first category. Also in this category may be classi- 
fied the asph.vxia of aii -hunger, the tensions of ‘‘sex hunger,*^ pain, and 
possibly also the discomfort of fatigue and the unpleasantness of confine- 
ment or phj^sical restraint. Each of these states is associated with an im- 
pulsive factor; each one more or less vigoiously spurs or drives to action; 
each may be so disturbing as to force the person who is afflicted to seek 
relief from the intolerable annoyance or distress. On the other hand, ex- 
perience may condition behavior by revealing that the taking of food, 
drink, or exercise is accompanied by unanticipated delight. Appetites for 
the repetition of these experiences are thus established ; the person beset by 
an appetite is tempted, not driven, to action — he seeks satisfaction, not 
relief. It is not to be supposed that the two motivating agencies — the pang 
and the pleasure — are as separate as they have been regarded in the fore- 
going discussion. They may be closely mingled ; when relief is found, the 
appetite may simultaneously be satiated. In so far as an assurance of 
supplies for food and water is concerned, appetite, or the habitual taking 
of these provisions, is the prime effective agency. If the requirements 
of the body are not met, however, in this mild and incidental manner, hun- 
ger and thirst arise as powerful, persistent, and tormenting stimuli, which 
imperiously demand the taking of food before they will cease their goading. 
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CHAPTER 6 


EMOTION: 1. THE NEURO-HUMORAL BASIS 
OF EMOTIONAL REACTIONS 

Ppiilip Bard 

The Johns Hopkins School of Medicine 

For centuries bodily chm^Q has been the criterion of emotion. The 
I ole of the musculature of limbs, trunk, and face in producing the atti- 
tudes, expressions, and movements typical of the several emotions has been 
evident at all limes. At a very early date observers began to pav special 
attention to the more obvious visceral activities which accompany affective 
states. Where little was known of the brain and its relation to the internal 
organs there was a natural tendency to locate the feeling of emotion in the 
reactive viscera. In the Book of Genesis we read that when Joseph recog- 
nized Benjamin ‘‘his bowels did yearn upon his brother.’* During Homeric 
times and throughout early Greek medicine psychic functions were gener- 
ally attributed to thoracic and abdominal organs. Aristotle, who refused 
to attach much importance to the brain, made significant observations on 
the heart and by a reasonable process of thought came to regard that 
organ as the principal seat of ps5^chic activity. To the influence of Aris- 
totle and the writers of the Old Testament we largely owe such expressions 
of common parlance as “matters of the heart,” “hard-hearted,” and “bowels 
of mercy.” 

Galen (131-201 A.D.), whose authority dominated anatomical and 
physiological thought for fifteen centuries, first showed experimentally that 
voluntary movement and sensation are dependent upon the connection of 
the peripheral nerves with the brain. When Vesalius (1514-1562), the 
great founder of modern anatomy, confirmed and amplified many of 
Galen’s neurological findings, it was definitely recognized that the brain is 
the seat of sensation and the organ to which voluntary movement must be 
referred- In addition, the brain, as the sensorium for the whole body, 
became, at the hands of Descartes, the site of emotional consciousness. It 
was then only a step to assume that emotional behavior is dependent upon 
cerebral processes. 

It was easy enough for the writers who followed Vesalius to postulate 
a cerebral origin for the activities of skeletal muscles in emotion. To them 
these changes were obviously due to influences transmitted by the same 
Cjerebrospinal nerves which execute the dictates of the will, for they may 
be modified by the will acting through the same channels or may be mim- 
icked by voluntary effort in the absence of any affective state. But in the 
case of the wholly involuntary visceral accompaniments of emotion the 
neural basis seemed less clear. To be sure Galen had described visceral 
nerves (see Soury, 1899) and Eustachius, the contemporary and rival 
of Vesalius, portrayed them in a way that almost rivals modern presen- 
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tations of the subject, but at that time their relation to the brain was 
unknown or incorrectly surmised. Yet the necessity tor some connection 
between brain and viscera was impressed upon all who thouj»:ht to 

the visceral reverberations of emotional excitement. In the li^ht of leccnt 
work it is interesting^ to sec how often during the seventeenth and eight- 
eenth centuries the opinion was expressed that the influence which the 
emotions exert upon the internal organs is mediated by that peripheral 
group of nerves which is now called the sympathetic system. Certain 
writers of that period wxnt so fai as to locate the central control of the 
viscera in definite paits of the brain. Thomas Willis (1621-1675), who 
wrote the most complete account of the central nervous system of his time, 
placed it in the cerebellum. But these early conjectuics, historically in- 
teresting as they are, lacked cxpeiimental support and it w^as not until 
the precise central origins, the general distribution, and the particular peri- 
pheral effects of the visceral nerves were %vorked out during the second 
half of the last century that a neural basis for the visceral aspects of 
emotional behavior could be accurately described. 

The somatic”’- manifestations of such clementarv states as fear and rage 
include external movements of offense and defense which arc effective in 
preserving the organism at times of stress, 'rheir utility has ahvays been 
evident. But insight into the significance of the visceral alterations which 
occur concomitantly with the overt action has come only -with recent physi- 
ological progress. On the basis of ample experimental findings wc now 
recognize in them a cooperation of the viscera which is directly serviceable 
to the organism in preparing for and maintaining the appropriate external 
activities. The peripheral nervous mechanism for the somatic expression 
of emotion is the same as that involved in voluntary and reflex activities of 
the skeletal muscles. It consists of the familiar somatic components of the 
cranial and spinal nerves. On the other hand the viscera are connected 
with the central nervous system in a special manner, and it wall be neces- 
sary to devote some attention to the general organization and functional 
importance of the visceral innervation before considering its role in pro- 
ducing emotional behavior. It will then be possible to turn to the central 
nervous mechanisms which activate both sets of peripheral paths during 
emotional excitement. 

The Visceral Nerves CoNCERNim in Emotional Behavior 

The motor neurons wdiich connect the central nervous system with 
skeletal muscle fibers have their cell bodies in the brain or spinal cord ; one 
nerve cell bridges the gap between cerebrospinal axis and effector. The 
innervation of the secreting cells and the smooth muscle of the viscera is 
somewhat different. It is characterized by the fact that the axons which 
come into immediate functional relation with these effector cells belong to 

^In the absence of a better term the word ‘‘somatic*^ Is used throughout this 
chapter to describe the activities and innervation of skeletal muscle as ctmtrastrd 
with those of the viscera. 



266 


UANDROOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


neurons which lie entirely outside the central nervous system. The cell 
bodies of these outlying neuions are typically giouped together in periph- 
eral ganglia. Theie they make S5maptic connections with axons arising in 
the central nervous system. Tlie special feature of the innervation of the 
viscera lies in this fact that the path from central axis to effector is broken 
by a synapse. This arrangement is illustrated in Figure 1, which shows 
the essential difference between the somatic and visceral innervations. The 
neuron on the central side of the peripheial synapse is called preganglionic 
and that on the distal side postganglionic. From embryological studies we 
know that the postganglionic neurons originate in the central nervous 
system and, in the course of development, migrate outward to take their 



FIGURE 1 

Diagram iLLUsiTtATiNG the Different Arrangements of Neurons in Somatic 
AND Autonomic Nervous Systems 

At left is shown simple spinal reflex arc of somatic system, at right that of 
sympathetic division of the autonomic system. At right the preganglionic neurons 
are represented by broken lines, the postganglionic by solid lines. 

(After Gaskell. From J. J. R. McLeod’s Physiology and Biochemistry in Modern 
Medicine f Sth. ed., 1926, by permission of the publishers, C. V. Mosby Co., St Louis.) 
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characteristic pcrlphernl positions. I'hey are thus the mimolo^uos of the 
motor fibers of the cerebrospinal system, while the piepi^anLiliorfic regi ons 
have their counterparts in the centrally placed pieinoloj nrupj.is tiuit 
system. In Figure 1 this homology is illustrated by the use oi nrola'o 
lines. 

One other morphological feature distinguishes the \isceral froin the 
somatic innervation. While the cerebrospinal fibers pass out frorn ilie 
central neivous system in an almost unbroken series, the pregangliunu' 
fibers issue in three distinct groups, as was first shown by Gaskell ( 102(J j. 
The first of these, the cranial outflow, is composed of visceral rnotor filxus 
in the third, seventh, ninth, and tenth pairs of cranial nerves. The fibeis 
of the second division arise from all the thoracic and from the upper lum- 
bar segments oi the spinal cord and begin their peripheral course in the 
ventral roots of the corresponding spinal nerves; they form the thoraco- 
lu? 7 ihar outflow. The third division, the sacral outflow, consists of fibers 
which proceed from the sacral spinal segments in a manner similar to the 
mode of origin of the thoraco-Iumhar division. Visceral fibers do not issue 
in some of the cranial nerves, and the cervical and lower lumbar segments 
of the cold do not contribute to the preganglionic outflow (see Figure 2). 

The entire visceral nervous system, postganglitmic neurons and ganglia 
as well as preganglionic neurons, may be divided along the lines of these 
three divisions. Unfortunately the names applied to the three parts have 
varied from author to author and few are appropriate. The entire system 
composed of preganglionic and postganglionic neurons was called by 
Langley (1921), to whom %ve owe much of our knowledge of these struc- 
tures, the aiitunomlc nervous system* He used for the thoraco-lumbar 
division the old name sympathetic and classed the cranial and sacral divi- 
sions together under the term parasympathetic. I'his terminology is the 
one commonly used in current physiological literature and will be followed 
in the present discussion. The word sympathetic has been applied to each 
and all of the three divisions, but was originally introduced in 1732 by 
Winslow to describe the chain of ganglia and associated strands which we 
now know to be connected with the thoracic and lumbar segments of the 
spinal cord. Accordingly, Langley's use of the term has an historical justi- 
fication. Since the cranial and sacral divisions possess certain common 
features which distinguish them from the middle division, they are con- 
veniently described together as tlic parasympathetic system. 

Strictly speaking, the autonomic system is made up entirely of^ motor 
nerves. Langley (19{)(), 1903) wa.s unable to obtain any experimental 
evidence of a true reflex's being mediated through autonomic ganglia. 
There is no good evidence that these structures ever act as reflex ctMiters 
for the nervous reactions of the viscera. Although visceral afferent libers 
are found in many of the nerves of this system they have their cell bodits 
in the sensory ganglia of the cranial and spinal nerves and s<) belong to 
the cerebro-spinal system rather tlian to the autonomic. 

The Sympathetic Division of the Jutonomk System. 'Fhe pregangli- 
onic fibers of this division have their cell bodies in the lateral horns of the 
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Diagram of the General Arrangement of the Autonomic Nervous System 
The brain and spinal cord are represented at left The nerves of the somatic 
system are not shown* The preganglionic fibers are in broken lines, the post- 
ganglionic in solid lines. Further description in text 
(After figure in W. B. Cannon’s Bodily Changes in Paint Hunger, Fear amd 
Rage, 1915, by permission of the publishers, D. Appleton and Co., New york.)> 
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gray matter of the thoracic and upper lumbar spinal sej^incnts (Gaskell, 
1920). Emerging with the somatic motor fibers in the ventral roots, 
they leave the spinal nerves to form the white rami communicantes and 
course to the ganglia of the sympathetic system (sec Figure i). These 
ganglia fall into two distinct groups. 

The lateral (or vertebral) ganglia are arranged in two chains, cjne on 
■either side of the spinal column. These chains extend from the upper pan 
■of the neck to the pelvic region. In general, their ganglia have a segmental 
distribution, but in the upper thoracic and in the cervical regions several 
have united to form the large stellate and superior cervical ganglia (Fig- 
ure 2). One characteristic of the vertebral ganglia is that they send post- 
ganglionic fibers to the spinal nerves. I'hese fibers form the gray rami 
communicantes. Gray rami contribute to the composition of every spinal 
nerve while the white rami arise only from the thoracic and upper lum- 
bar ventral roots. Ey means of the gray rami and spinal nerves, postgang- 
lionic fibers are carried to the blood vessels of skin and skeletal muscle, to 
the sweat glands, and to the smooth muscle of the hairs. Postganglionic 
fibers from the superior cervical ganglia join the fifth and one or two other 
pairs of cranial nerves to be distributed to the smooth muscle of the orbit 
and to the glands and blood vessels of the cranial region. From some of 
the lateral ganglia, notably those of the upper thorax, postganglionic fibers 
run directly to the organ innervated. This is so in the case of the cardiac 
accelerator nerves (Cannon, Lewis, and Britton, 1926). 

The collateral (or prcvertebral) ganglia arc the ganglia of the so-called 
solar plexus (the semilunar and superior mesenteric ganglia), the inferior 
mesenteric ganglia, and some small nearby ganglia. I'hese He near the 
points of origin of the main arteries supplying the abdominal organs. From 
them postganglionic fibers proceed with the arteries to innervate the 
abdominal viscera and their blood vessels, lltcse ganglia receive pre- 
ganglionic fibers through white x*ami from the fifth thoracic to the second 
lumbar nerves. In this case the picganglionic fibers join the lateral chain, 
but continue to the collateral ganglia as the splanchntc nerves. 

The fibers of the sympathetic system have a very wide distribution 
throughout the body. 'Fhey include vasoconstrictor fibers to the small 
blood vessels of the abdominal organs, skin, and other parts, accelerator 
fibers to the heart, secretory fibers to the sweat glands, inhibitory fibers to 
the smooth muscle of the gastro-intestinal tract, motor fibers to smooth 
muscle of the hairs, fibers supplying the liver which carry impulses that 
act to release sugar into the blood, constrictor fibers to the spleen, dilator 
fibers to the bronchioles, cervical sympathetic fibers to the eyes causing 
dilatation of the pupils and retraction of the nictitating membranes (where 
these are developed) and projection of the eye forward in the orbit (ex- 
ophthalmos), fibers to the pelvic viscera, and, finally, secretory fibers to 
the medullary portion of the adrenal glands. 

The innervation of the adrenal medulla is peculiar. Elliott (1913) has 
shown that the secretory cells of this endocrine organ receive preganglionic 
fibers directly from the splanchnic nerves. This apparent exception to the 
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rule that organs innervated by the autonomic s^^stem receive postganglionic 
fibers is explained by the fact that the secreting cell of the adrenal medulla 
is the morphological equivalent of the postganglionic sympathetic neuron. 
In the embryo both types of cells arise from a common central mass and in 
certain lower vertebrates they have a common peripheral distribution 
(Gaskell, 1920). It is not surprising, therefore, that the internal secre- 
tion of these glandular cells, adrenin, when circulating in the blood stream^ 
acts upon any tissue in the same way as do nerve impulses conducted by 
sympathetic postganglionic fibers (Langley, 1921).- These facts make it 
clear that the adrenal medulla is an integral part of the sympathetic 
system. 

Cannon (1929) has pointed out that besides the extensiveness of the dis- 
tribution of its fibers another important feature of the sympathetic system 
is its arrangement for a diffuse discharge. It was found by Langley 
(1900, 1903) that the sympathetic preganglionic fibers issuing from any 
one spinal segment pass to a series of lateral ganglia, usually from six to 
nine in number, never to a single segmented ganglion, and he also ob- 
tained evidence that each preganglionic fiber sends branches to make 
synaptic connections with postganglionic neurons in several ganglia. This 
IS a morphological condition which assures a widespread discharge over 
postganglionic fibers. Furthermore, a discharge of impulses over that 
single group of preganglionic fibers which innervates the adrenal medulla 
will throw into the blood stream a chemical agent capable of inducing 
practically all the changes which occur when the entire thoraco-lumbar 
outflow is active. The existence of these neuro-humoral arrangements 
for the production of extensive effects leads plainly to the conclusion that 
the sympathetic division of the autonomic system is organized to act as 
a whole, a view that has been particularly emphasized by Cannon (1929)* 
Further support of this view has recently been given by Cannon and 
Bacq (1931), who, in continuation of the work of Newton, Zwemer, and 
Cannon (1931), have demonstrated that a sympathico-mimetic substance 
is given off into the blood stream when sympathetic impulses throw effector 
cells into activity. While this material has the properties of a hormone 
acting like adrenin, its immediate source is different and therefore it has 
been given the name sympathin, Rosenblueth and Cannon (1932) have 
found that sympathin and adrenin, liberated into the circulation at the 
same time, act cooperatively. More recently (1933) they have been able 
to show that both an inhibitory and an excitatory sympathin are produced. 

This system of nerves has many duties in the animal economy, A cer- 
tain fraction of the preganglionic outflow is constantly discharging and 
this tonic activity is in part responsible for a number of fairly con- 
stant bodily conditions. A continuous activity of vasoconstrictor fibers 
keeps the smooth muscle of the arterioles in a state of sustained contrac- 


^The sweat glands have a sympathetic innervation, but are not affected by ad- 
renin (Langley, 1921). This is the only known exception to the statement made 
above. 
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tion, a peripheral condition of major importance in mnintaininjx an ade- 
quate arterial piessurc. TIic pulse r:ue tends to remain relatively rapid 
because of the tonic dibchar^e of cardio-accelerator fibers. Section of the 
cervical sympathetic trunk leads at once to constriction of the pupil, sink- 
ing of the eje into the orbit (enophthalmos), and, in animals which pos- 
sess an active nictitating membrane, passive projection of that tissue ovei 
the front of the eye. This result demonstrates that a tonic discharge over 
cervical sympathetic fibers is responsible for the normal size of the pupil 
and for the normal position of the eye in the orbit. These tonic sympa- 
thetic discharges are of central origin. I'hey may be decreased bv inlii- 
bition or augmented bv exxitation of the cential neural mechanisms in 
control of the preganglionic neurons. Certain sympathetic paths such 
as those to the sweat glanrls and smooth muscle of the hairs appear to he 
usually at rest and become active only when special conditions lead to 
excitation of their cential connections. It is also true that one or more 
functional groups of sympathetic fibers may be affected \^'ithout the in- 
volvement of other groups. A lowered arterial pressure may lead to com- 
pensatory augmented activity of the vasoconstrictor and cardio-accelerator 
mechanisms without extension of the response to other parts of the sympa- 
thetic system. Several instances of similar fractional activity in the 
sympathetic might he given. Hut the most general and the most signifi- 
cant aspect of the physiology of this system is its marked tendency to go 
into action as a whole. 

Simultaneous activity of all parts of the somatic system of nerves would 
lead to a generalized muscular spasm such as occurs in strychnine poison- 
ing. Under the influence of this drug the normal integrative action of the 
nervous sytem gives way to a diffuse discharge of impulses and mass inco- 
ordinate movements result. Does action as a whole in the sympathetic 
evoke similar disintegrated activity or do the many changes so induced 
combine to form a purposive effect? Physiological consideration of these 
changes shows the majority of them to be related in such a way that they 
cooperate to mobilize energy and to provide for its ready utilization. 
Energy transformation in the body involves an oxidation of foodstuffs 
with the production of carbon dioxide, other metabolites, and heat. Its 
principal seat is the skeletal musculature. When it is augmented, the 
active tissues demand more food, more oxygen, and the means of distri- 
buting and disposing of additional quantities of metabolites and heat. 
These requirements must be met by prompt internal responses. Activity 
in the sympathetic system is the immediate cause of many of them. It 
leads to an increase of the available potential energy by throwing more 
sugar into the blood. It stops unnecessary activity in the digestive system. 
By accelerating the heart and causing vasoconstriction in quiescent regions 
it produces a more rapid circulation through the active tissue. It thus pro- 
vides a means of supplying additional food and extra oxygen to the site of 
augmented metabolism and makes possible an adequate removal of meta- 
bolites and heat. Sympathetic activity further facilitates the respiratory 
processes by dilating the bronchioles, and recent work by Izquierdo and 
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Cannon (1928) has given evidence that it may discharge into the blood 
an extra supply of the oxygen-carrying red corpuscles by causing contrac- 
tion of the spleen. Through their action on the sw'cat glands sympathetic 
impulses provide for loss of excessive amounts of heat. Secreted adrenin 
not only supplements the effects of S3mipathetic impulses but is capable of 
acting as an antidote to the effects of fatigue in skeletal muscle (Cannon, 
1929). It is therefore clear that when circumstances demand an in- 
creased energj^ output a tendency on the part of the sympathetic to dis- 
charge as a whole will lead to bodily changes which constitute a purposive 
reaction. 

Cannon (1928^^ 1929) has pointed out that the conditions under which 
the sympathetic actually does discharge as a unit are those which require 
a vigorous response to insure the maintenance of an essential bodily state 
or even of life itself. Such conditions include strong emotional excite- 
ment, pain, vigorous muscular exercise, asphyxia, exposure to cold, and 
states of loweied blood sugar (hypoglycemia). From the account just 
given it can be seen that in muscular activity with its increased energy 
output a diffuse and widespread discharge of sympathetic impulses would 
go far in mobilising bodily resources. Since pain, asphyxiation, and strong 
emotion are likely to be accompanied or followed by muscular effort and 
struggle, the visceral changes evoked by sympathetic activity are appro- 
priate in those states. When the warm-blooded animal is exposed to a 
lowered environmental temperature, reactions occur which prevent the 
threatened depression of body temperature. Restlessness and shivering 
produce additional quantities of heat. Activity in the sympathetic by 
giving extra blood sugar provides a readily combustible material for the 
extra heat production; by causing constriction of peripheral vessels and 
erection of hair it diminishes the heat loss from the body surface and by 
augmenting secretion of adrenin it supplies a substance which not only 
reinforces these changes but is capable of hastening combustion itself 
(Cannon, Querido, Britton, and Bright, 1927). The blood sugar, like 
the blood temperature, is kept at a fairly constant level. Normally it lies 
around 100 mg. per 100 cc. of blood. When this percentage is greatly 
diminished as by an excessive dose of insulin, so-called hypoglycemic reac- 
tions occur. They first appear when the sugar falls below 70 to 80 mg. 
and include pallor, a rapid pulse, dilatation of the pupils, and profuse 
sweating. Cannon, Mclver, and Bliss (1924) have shown that with these 
signs of sympathetic activity there is an increment in medulliadrenal secre- 
tion of sufficient magnitude to check the rate of fall of the glycemic per- 
centage. Since convulsions occur, and coma and death may ensue when 
the blood sugar reaches 45 mg., this sympathico-adrenal activity is of prime 
importance in warding off a dangerous deficiency. In short, each of these 
six situations constitutes a state of stress, an emergency, in which dire con- 
sequences threaten the integrity of the organism. In each, widespread 
sympathetic activity leads to changes whicfi anticipate or ameliorate the 
danger. We owe the xezlizztion of this important fact to Cannon, who 
has described it as the emergency function of the sympathico-adrenal sys-‘ 
tern (1928^, 1929). 
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This distinctive function of the mechanisnm natinalh laises the question 
of its indispensabilitv. It mav be said at once that there is abundant evi- 
dence that the adrenal tneduila, unlike the adrenal cortex, not essential 
for life or even normal existence (Schafer, 1924). Recently Cannon, 
Lewis, and Britton (1927; see also Cannon, Newton, Bric;ht, IMenkin, 
and Moore, 1929) have successfully removed from cats both latcial sym- 
pathetic chains from supeiior cervical to coccygeal ganglia. After degen- 
eration of the truncated postganglionic fibers animals thus opeiatcd upon 
possess no functional sympathetic nervous tissue. A number of such ani- 
mals have lived in good health for over a year and so long as they are kept 
under quiet laboratory conditions thev show no deficiencies of behavior. 
But when these “pans5TOpathectomized’’ cats are confronted with a stress- 
ful situation, they are clearly at a disadvantage in comparison with their 
un operated fellows. In cold weather, they lose heat rapidly, have a low 
body temperature, and they seek a w^arm place more than do normal cats. 
When excited their blood sugar docs not rise and the hair is not erected. 
They lack any control over secretion of ad renin. Although they exhibit all 
the typical somatic signs of aggressive feeling when confionted with their 
enemy, the dog, they cannot summon the visceral support which is under 
sympathetic control. They would enter combat or take flight under seri- 
ous disadvantages. These findings at once demonstrate the dispensability 
of the sympathetic and emphasize its emergency function. 

The Parasympathetic Dhusion of the Autonomic System. This second 
part of the autonomic, formed by classifying together the cranial and 
sacral divisions, is composed of fibers which bear nerve impulses to many 
organs situated in diverse parts of the body. The third cranial nerves 
supply motor impulses to the ciliary muscle and the sphincter of the pupil. 
The seventh and ninth nerves distribute secretory and vasodilator impulses 
to the salivary glands and the mucous membranes of the buccal region. 
The tenth pair of cranial nerves, the vagi, furnish inhibitory fibers to the 
heart and motor fibers to the glands and musculature of the gastro- 
intestinal tract. Turning to the sacral outflow we find the pelvic nerves 
(nervi erigentes) composed of fibers which cause contraction of colon, 
rectum, and bladder, and vasodilation in the external generative organs. 

In the variety of its distribution and in the number of effects which it 
evokes, the parasympathetic resembles the sympathetic. Indeed, a major- 
ity of the viscera are innervated by both systems. But here the like- 
ness ends.^ The most striking fact about the organization of the para- 
syixipathetic is that groups of preganglionic fibers reach out to ganglia 
which lie close to or within the organ innervated. The postganglionic 
fibers issuing from any one ganglion are short and supply a circumscribed 
mass of tissue (Figure 2). This restricted distribution is an arrange- 
ment whereby the central nervous system is able to exert effects upon sin- 
gle organs without at the same time affecting other organs. It is this fea- 
ture which distinguishes the parasympathetic most sharply from the sym- 
pathetic where the organization is favorable to the production of simulta- 
neous activity in a large number of viscera. 
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In accord with this fact is the absence of any parasympathetic hormone 
capable of acting extensively^ upon oigans inncr\^atc(l by this system. 
Although it is well established that some sort of “vagus stuff” akin to the 
sympathin of the thoraco-lumbar system is given off by isolated organs 
when their vagal branches are stimulated (see Cannon, 1933), its in- 
fluence in the intact animal appears to be quite local. Freeman, Phillips, 
and Cannon (1931) failed to obtain any evidence that stimulation of the 
vagus nerve below its cardiac branches is mediated chemically to organs 
innervated by parasy^mpathetic fibers lying outside the abdominal vagal 
distribution. The adrenal medulla and the tendency of sympathetic im- 
pulses generally to yield to the circulating blood an effective sympathetic 
hormone have no counterparts in the parasympathetic division. The reason 
for this is clear. Action as a whole in this instance would lead to wide- 
spread coincident changes having no functional relation to one another; 
the lesiilt would be disorderly and purposeless. Constriction of the pupil, 
slowing of the heart, increased gastro-intestinal activity, contraction of the 
bladder and rectum, and engorgement of erectile tissue arc not responses 
which arc bound by any physiologic ties of integration. 

Despite the lack of functional interrelation between the several groups 
of parasymipathetic fibers, it is possible to describe in a general wav the 
respective functions of the cranial and sacral divisions. Cannon ( 1929) 
has pointed out that the former may be regarded as a conseiver of bodily 
resources. The tonic action of the cardio-inhibitory nerves under noimal 
conditions and their augmented discharge when the heart is overtaxed by a 
high arterial pressure protect that organ from overactivity. Similarly, con- 
striction of the pupil by reflex activation of third nerve fibers protects the 
retina from excessive light and even under ordinary intensities of illumina- 
tion a tonic discharge of these parasympathetic fibers Is a necessary con- 
dition for acute vision as anyone who^ has experienced the paralytic effects 
of atropine will testify'". The conserving function of the cranial autonomic 
is perhaps best illustrated by its control over digestive processes. The 
secretory fibers of the seventh and ninth nerves are responsible for the 
secretion of saliva; vagal fibers, for much of the normal activity of eso- 
phagus, stomach, and small intestines. In this way the cranial parasym- 
pathetic contributes in a vciy definite manner to the nutrition of the body. 

The sacral autonomic has been characterized (Cannon, 1929) as a group 
of mechanisms for emptying. Normally the contractions of bladder, colon, 
and rectum are reflex occurrences in which the adequate stimulus is dis- 
tention by*" accumulation of contents. But it is notorious that these organs 
may be emptied <luring those strong emotional states which activate the 
sympathetic division, and we must recognize that vigorous sympathetic dis- 
charge may be accompanied by discharge via sacral autonomic fibers. The 
rhythmic contractions which empty the vasa deferentia and seminal vesi- 
cles at the height of sexual excitement and the supposedly analogous con- 
tractions of the uterus are not due to a sacral discharge — these organs are 
supplied only by fibers of sympathetic origin (Langley, 1900, 1903). 
However, a discharge of nerve impulses over sacral vasodilator fibers to 
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the external genitalia of both sexes is the usual forerunner vjf events 
and in the male it is commonly evoked by distention ol the tubes and 
vesicles. 

The Antagonhm of the Two Divisioiis of the Autonomic Sysie/n, Cer- 
tain structures, namely, the internal geneiative organs, the blood vessels 
and glands and smooth muscle of the skin, the blood vessels of the poition 
of the digestive tract between mouth and lectum and of the glands open- 
ing into that portion, receive autonomic fibers only from the sympathetic 
system. Most of the visceral tissues, however, possess a double nerve sup- 
ply, sympathetic and cranial or sympathetic and sacral (Langley, 1900, 
1903). Wherever this occurs, the sympathetic and parasympathetic as a 
rule produce opposed effects. In the heart the sympathetic exerts a posi- 
tive, the cranial a negative influence upon excitability, conduction and rate 
and strength of beat (Wiggers, 1923). In general, it can be said that the 
S5’'mpathetic sends inhibitory nerves to the vsmooth muscle of the entire 
gastro-intestinal tract except the sphincters. The parasympathetic, on the 
other hand, supplies motor fibers to the stomach and small intestine by 
way of the vagi and to the colon and rectum through the sacral outflow. 
The cranial innervation of the eye contracts the pupil, the sympathetic 
dilates it. While the paras)'mpathetic sends vasodilator fibers to the sal- 
ivary glands and external genitalia, these parts, in common with the rest 
of the body, receive a vasoconstrictor supply from tlie sympathetic. 

The common opposition of the effects of sympathetic and parasympa- 
thetic impulses is the basis of certain reciproctil relationships between the 
functions of the two systems. It is well known, for example, that in the 
reflex widening of the pupil which follows painful stimulation central in- 
hibition of the constant third nerve discharge to the sphincter of the pupil 
cooperates with augmented sympathetic discharge to the antagonistic 
radial muscle of the iris. This is quite similar to the reciprocal innervation 
of antagonistic skeletal muscles demonstrated by Sherrington (1906). In 
both cases the organization of the central neural mechanisms is such that 
an increased discharge of impulses to one muscle is accompanied by a 
diminished discharge to its antagonist. Now many visceral organs, unlike 
skeletal muscle, receive inhibitory as well as excitatory nerves. Where 
this occurs, as in the heart and blood vessels, the two sets of fibers may act 
in a reciprocal manner upon a single receptor, 7'he acceleration (>f the 
heart during muscular exercise is the outcome partly of lessened vagal 
tone and partly of greater accelerator discharge (Bainbridge, 1923). 

Autonomic Control of the Viscera in Emotion 

Only a little over a century ago Bichat declared (see .Soury, 1899) 
that the brain ^"^nest jamais affecie dans Us passions; les organes de la vie 
interne en sont le siege unique** This was a sporadic attempt to revive 
the ancient doctrine of the peripheral seat of the emotions. It grew out 
of a belief that the nerves of the viscera lie beyond the control of the 
central system, that they possess a complete autonomy of function. Such 
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conjectures became untenable as soon as experimental work showed that 
the normal activity of visceial nerves is dependent upon their connections 
with the central nervous system and that these same nerves bring about 
the very changes which constitute the visceral aspects of emotional be- 
havior. 

The discovery of vasomotor nerves by Claude Bernard and of the func- 
tions of the extrinsic nerves of the heart by German physiologists indicated 
clearly that the pallor of fear and anger, the blush of shame, and the 
palpitations of the heart which accompany many emotional states are all 
due to autonomic fibers. When the secretory nerves of sweat glands -w ere 
found to belong to the sympathetic system the “cold sweat^^ of fear and 
anxiety had a neural explanation. Erection of hair must have been long 
noticed as a symptom of strong emotion. It is discussed at some length by 
Darwin, who regaided erection of dermal appendages as perhaps the most 
general expressive movement common to reptiles, birds, and mammals. 
In 1870 Schiff (see Schiff, 1896, pp. 141-146) reported that the phe- 
nomenon as seen in the angry cat is abolished by section of sympathetic 
nerves; later Langley showed conclusively that all pilo-motor nerves be- 
long to the sympathetic system. 

Emotion and Digestion, Studies of both the chemical and mechanical 
factors of digestion have contributed generously to our understanding of 
the bodily resonance of emotion. They have shown that, while certain 
feelings and emotions are conducive to the secretion of digestive juices and 
tend to initiate and sustain gastro-intestinal motility, other affective states 
have a markedly depressive influence upon these processes. 

It is a matter of common knowledge that the sight or smell of a favor- 
ite food may induce an abundant flow of saliva, a fact described by saying 
that “it makes the mouth water.” This effect is not due to an inborn re- 
flex, but to one that has been acquired in the course of individual experience 
because of the agreeable quality of the particular food in question (Pav- 
lov, 1927). For this reason it is termed a “psychic” or “conditioned” 
secretion to distinguish it from the unconditioned, unlearned, similar 
response evoked by the mere pre.sence of food or other material in the 
mouth. In both types of response the same secretory fibers of the cranial 
autonomic are activated, in the latter by the reflex machinery of the 
medulla oblongata, in the former by a more complicated central mechanism 
involving the cerebral cortex. 

I'hat there is also a psychic secretion of gastric juice has been shown by 
a number of investigators. Pavlov (1910), using dogs, has studied the 
secretion of a side pouch of the stomach prepared surgically in such a 
way that its cavity was separate from that of the rest of the stomach and 
opened to the surface of the body. When this arrangement was combined 
with an opening in the esophagus through which swallowed food was 
returned to the outside without reaching the stomach, in short when “sham 
feeding” could be done, the experimental conditions permitted a study of 
the effects of presentation, chewing, and swallowing of food upon the flow 
of gastric juice. It was then found tliat the sight, smell, or taking of 
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food agreeable to the dogs resulted, after a short latent period, in a copious 
secretion from the side pouch. Since this result could not be obtained 
by the mere presence of solid matter or various chemical suhsLuice-; in the 
mouth and also failed to occur when foodstuffs indifferent t(; the animal i 
were chewed and swallowed, it was concluded that the acle<iuale stimulus 
for the response is the pleasure of seeing, smelling, or taking food uhlJi 
is relished. It v^as fuither shown by Pavlov that this agenc> causes stim- 
ulation of the gastric glands by discharging impulses over vagal iibcrs, ioi 
after cutting the nerves the swallowing of any amount of highly favored 
food does not induce the reaction. 

While the pleasurable feelings which accompany the anticipation or tak- 
ing of food promote the initial flow of digestive juices, disagreeable feel- 
ings and unpleasant strong emotions have the opposite effect* This has 
been noted in many studies of gastric secretion and is perhaps best illus- 
trated by the experiments of Bickel and Sasaki (1905), who made use of a 
dog prepared after the manner of Pavlov. Under ordinary quiet conditions 
a five-minute bout of sham feeding produced, during the following 20 
minutes, 66.7 cc. of normal gastric juice. At another time the dog was 
given a fictitious meal of the same duration after first being infuriated by 
the presence of a cat. Although he showed every sign of an eager appe- 
tite, the procedure yielded only 9 cc. of a thick mucous secretion during the 
20-minute period corresponding to the previous observation. It was also 
found that an abundant psychic secretion which had begun as a result of 
sham feeding under tranquil conditions was almost wholly stopped by in- 
troducing the cat. Quite similar results of similar affective states have 
been obtained in human cases (Alvaiez, 1929; Cannon, 1929) where in- 
jury has led to closure of the esophagus and made necessary a fistulous 
opening into the stomach through the side of the body by which food may 
be introduced. 

It is evident from this work that a physiological process accompanying a 
pleasurable psychic state is inhibited when an unpleasant affective state 
intervenes. Recently Dumas (1928) has reported experiments showing 
the depressive influence of fear and pain upon gastric secretion. It is 
curious yet interesting that he should find that sexual excitement, which 
may be regarded as a strong but not unpleasant emotion, evokes, in dogs, 
an abundant secretion of saliva and gastric juice. 

motor activities of stomach and intestines are of two types. Rhyth- 
mic kneading movements mix the food with the digestive juices and bring 
the products of digestion in contact with the walls of the gut for absorp- 
tion. Peristaltic contractions carry the food onward into fresh regions 
of digestion and absorption and move indigestible residues and excreted 
matter to a position where they may be voided. In his extensive studies 
of these mechanical factors of digestion by means of the Roentgen rays, 
Cannon (1911) encountered many instances of emotional influence. Cats 
which were restive and excited on being fastened to a holder failed to 
show gastric or intestinal peristalsis, whereas these movements proceeded 
normally in animals which submitted calmly to the restraint. Whenever 
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signs of rage or distress or mere anxiety made their appearance there wa< 
an immediate cessation of gastro-intestinal movement. The reports of 
clinical observers are replete with evidence that this depressive effect of 
emotion lies at the root of many cases of acute and chronic ‘‘dyspepsia” 
(Alvarez, 1929; Cannon, 1929). 

From what is known of the functions of the extrinsic nerves of the 
gastro-intestinal tract, it must be supposed that the neural basis for the 
disturbing effect of emotional excitement upon the mechanical aspects of 
digestion involves a sympathetic discharge. Stimulation of the splanchnic 
nerves causes diminished tonus and stoppage of contractions in stomach 
and intestines, and such is the effect of adrenin. On the other hand, the 
vagi exert a general motor influence. Certain results obtained by Cannon 
in his work on cats can leave little doubt that the inhibitory effect of emo- 
tion upon gastiic motility is exerted over splanchnic fibers. It was found 
that slight interference with breathing, sufficient to evoke an emotional 
response, caused a complete stoppage of the stomach contractions, provided 
the splanchnic nerves were intact. After these had been severed and the 
vagi alone remained, the respiratory distress had no effect upon the stom- 
ach. Furthermore, evidence which will be presented in the next section 
makes it certain that a fit of anger is accompanied by a medulliad renal secre- 
tion capable of producing maiked physiological changes, among them de- 
pression of the gut. 

Some of Cannon’s findings have indicated that just as there is a psychic 
secretion of gastric juice there is also a “psychic tone” of the gastric mus- 
culature and that this is mediated by the vagus nerves. The importance of 
tonic contraction of the stomach muscle lies in the fact that it is neces- 
sary for gastric peristalsis. Although it may develop in a stomach dis- 
connected from its extrinsic nerves, vagus stimulation does produce it. 
These facts raised the question as to the stage in the digestive process at 
which vagus influences affect gastric tone. It was then found that if the 
vagal supply to the stomach was cut just before an animal took food, the 
tonus of the stomach disappeared or remained minimal, and contractions 
of the gastric wall did not occur. In contrast to this was the effect of 
cutting the nerves after food had been eaten with relish; then the con- 
tractions which had started continued in a normal fashion. The indication 
here is that the pleasurable taking of food is accompanied by a vagal dis- 
charge which arouses the essential tonic condition in the gastric muscles. 
This may then be continued by local agencies. A recent paper by Alvarez 
(1929) gives abundant testimony of the operation of a psychic tone in 
the human digestive tract. 

The data just given reveal that the opposed influences of affective states 
favorable and unfavorable to good digestion are expressed through para- 
sympathetic and sympathetic nerves wliich are themselves typically antago- 
nistic in their functional relations to the digestive organs. 

The Emergency Function of the Sympathico-adrenal System in Strong 
Emotion. Anger, rage, and fear are the conditions par excellence for 
studying the bodily reverberations of emotion. The surface manifestations 
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of these major affective states are tiuly remarkable. Tliey ha/e been 
studied, observed, and commented upon by a variety’' of philosos'hers, psy- 
chologists, physiognomists, artists, and natural historians, liu'c rha de- 
tailed examination of the deep-seated visceral alterations w'hich occia vhep 
a strong emotion is in evidence has required the special methods rd the 
physiologist. 

As already related, ph^^siological investigations have shown that, when 
sight and taste and smell of food are attended by agreeable sensations, i\w 
cranial autonomic goes into action to promote the processes of digestion 
and so fortifies the body against times of stress. Evidence has also been 
presented that interruption of this mild feeling of pleasure by fear or 
anger is accompanied by sympathetic activity that completely overthrows 
the quiet conserving processes. The significance of this lies in the fact 
that the inhibition of digestive functions is merely one of a multitude of 
effects produced by widespread sympathetic activity at this time. In the 
angry cat, for example, the hairs of the back and tail are erected, the 
pupils are dilated, and the eyes become prominent, the blood sugar rises, 
the heart is accelerated, and widespread vasoconstriction occurs. Like- 
wise, the human being assailed by anger or fear shows a rapid heart, a 
high arterial pressure, wide pupils, sweating, and high glycemic percent- 
ages which lead to the appearance of sugar in the urine (Cannon, 1929). 

In discussing the organization and physiology of the sympathetic sys- 
tem it was pointed out that conditions which demand an increased outlay 
of energy are characterized by unit action in this system. 'Fhe bodily 
alterations so induced are of the utmost service to the organism. Strong 
emotion is only one of several conditions attended by these responses. 
When it is aroused, intense muscular effort is likely to ensue. It is then 
that the sympathetic most thoroughly fulfills its emergency function. Here 
it is that domination of the viscera by sympathetic impulses most notably 
mobilizes the bodily forces for immediate action. 

It is a firmly established fact, generally agreed to, that artificial stimu- 
lation of the splanchnic nerves, by exciting the secretory fibers distributed 
to the adrenal medulla, causes a discharge of adrenin into the blood stream 
(Cannon, 1929; Schafer, 1924). 'rherefore, it might be expected that 
nerve impulses are sent out along these fibers and excite the adrenin-sccret- 
ing cells whenever, under natural conditions, there is general sympa- 
thetic activity. Since adrenin has the same actions as sympatlietic nerve 
impulses, it would, if secreted at such times, cooperate with those impulses 
to produce widespread effects. Whether this actually occurs or not is 
a question which was first taken up by Cannon in 191 L I'he positive 
results obtained by Cannon and his collaborators from carefully controlled 
experiments during the last twenty years have revealed the emergency 
function of the sympathetic system together with that of its constituent 
part, the adrenal medulla. The importance of these investigations can be 
described by saying that they have clearly established the function of an 
endocrine organ and thrown new light upon the action of the nervous 
system. As objective studies of emotion they have a special significance 
for the psychologist. 
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In this work two experimental methods have been employed to deter- 
mine the secretory activity of the adrenal medulla in laboratory animals. 
The first involved the painless taking of samples of blood from the infer- 
ior vena cava just above the mouths of the lumbo-adrenal veins by means 
of a catheter introduced from below through the femoral vein. The ad- 
renin content of caval blood was then tested before and after the experi- 
mental procedure by its effect upon rhythmically contracting strips of 
intestinal muscle which are characteristically inhibited by adrenin in dilu- 
tions as great as one part in many millions. Since adrenin is practically 
the only known substance occurring in blood which has this effect, and 
since adequate control experiments showed that the adrenal glands are 
alone able to confer the inhibitory power upon blood, it was considered 
that the method was reliable (Cannon, 1929). The second method of 
Cannon and his collaborators makes use of the completely denervated 
heart (Cannon, 1919; Cannon, Lewis, and Britton, 1926). When the 
extrinsic nerves of the heart, the vagal inhibitory fibers and the sympa- 
thetic accelerators, are cut, the only factors, aside from a rise in blood 
temperature, which are capable of increasing the heart rate are medulli- 
ad renal secretion, thyroid secretion, and a cardio-accelerating substance 
which, under certain conditions, may be liberated into the blood from 
the liver (Cannon, Lewis, and Britton, 1926). To observe the influence 
of any one of these humoral stimulating agencies it is necessary only to 
eliminate the other two. Since all are under nervous control, this may 
be accomplished by section of the appropriate nerves. The thyroid in- 
nervation is interrupted by removal of the stellate ganglia (a part of the 
usual method of denervating the heart) ; the innervation of the liver, by 
severing the hepatic nervcss; and the nervous supply to the adrenals, by 
section of the splanchnics (more conveniently the adrenal factor is elim- 
inated by removal of one gland and denervation of the other). With 
thyroid and hepatic influences disposed of, the denervated heart becomes 
a delicate indicator of circulating adrenin. Its reliability in this respect 
has been abundantly demonstrated. 

In 1911 Cannon and de la Paz (see Cannon, 1929), using the catheter 
method, first showed that there is an emotional stimulation of medulH- 
adrenal secretion. They noted that, when a cat was frightened (or en- 
raged) by a barking dog, blood drawn from the inferior vena cava just 
above the opening of the lumbo-adrenal veins repeatedly caused inhibition 
of the beating intestinal strip, whereas blood removed before the excite- 
ment had no effect, and, further, that excitement after removal of the 
glands did not yield the positive result. In a second report Cannon and 
Hoskins brought forth evidence that in anaesthetized animals the adrenal 
medulla is stimulated to secrete by asphyxia and by such sensory stimu- 
‘ lation as would have caused very severe pain in a conscious animal. Thus 
began a long series of experiments in which it was shown that '^painfuF' 

, sensory , stimulation and asphyxia, as well as emotional excitement, throw 
.into effective action the secretory nerves of the adrenal medulla. All 
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three of thebe agencies are closely related in the sense that they arc emer- 
gency states and produce similar bodily changes. 

Among the early investigations leading to the formulation of the emer- 
gency theory of sympathetic and adrenal functions were those carried out 
by Cannon in collaboration with Gray and Mendenhall (see Cunnon, 
1929) which showed that injected adrenin, stimulation of the splanchnic 
nerves, and fear and rage hasten the clotting of blood. The demonstra- 
tion that the adrenals are necessary for the effect when produced I)> 
splanchnic stimulation and that emotional excitement evokes moie rapid 
clotting only when the splanchnics are intact was further evidence for 
emotional activation of the adrenal medulla. The proposition that ac- 
celeration of clotting is an emergency function of the adrenin secreted 
during fright and fury needs no argument, for combat with possible injury 
and hemorrhage is foreshadowed by the circumstances which ordinarily 
evoke these emotions. 

The relative difficulty and intricacy of the catheter method led Cannon 
.to adopt the denervated heart as a preparation for detecting adrenal secre- 
tion. The latter is superior to the older method in one important particu- 
lar, namely, that it tests the adrenin content of blood circulating in the 
animal under investigation. Since adrenin is an unstable compound that 
rapidly undergoes inactivation in the blood stream, the denervated heart 
permits a continuous record showing the duration and subsidence as well 
as the latency of the secretion. By means of the newer method Cannon 
in 1919 w'as able to confirm the results obtained with de la Pa^ eight 
years before. In 1925 Cannon and Britton used the denervated heart 
in connection with a ^^pseudaffective’* state which they were able to pro- 
duce in cats by ablation of the cerebral cortex and in which are mani- 
fested the activities typical of anger. This decorticate sham rage (de- 
scribed in detail in the next section of this chapter) occurs in fits during 
which there are all the signs of vigorous, widespread sympathetic discharge. 
In fifteen experiments it was found that the denervated heart had rates 
averaging 252 beats per minute during the fits of rage and 222 beats per 
minute during the intervening periods of quiet. After the adrenal glands 
had been removed, the rate averaged 156 and was increased only four to 
eight beats during activity. It was concluded that a greatly increased se- 
cretion of adrenin is associated with this form of emotional behavior. 

The evidence for emotional secretion of adrenin obtained by Cannon 
and his associates has received, from the very beginning, abundant con- 
firmation. As early as 1912, Elliott reported some observations on the 
‘^paradoxical dilatation*' of the pupil which occurs after removal of the 
superior cervical ganglion and Is due to increased sensitivity of the radial 
muscle of the iris to adrenin. He found that this response was evoke<l 
in anger, but only so long as the adrenals were intact and innervated. 
Elliott's findings were later confirmed by Kellaway. Recently Satake, 
Watanabe, and Sugawara (1927) have studied the rate of mcdulliadrenal 
secretion by testing, with the intestinal strip, blood taken directly from 
the lumbo-adrenal vein. I'heir dogs were prepared for the experiment 
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in advance by section of the sensory nerves of the loin, thus making it 
possible to obtain adrenal blood without anaesthesia and without disturb- 
ing the animals in the least. It was found that emotional excitement 
evoked by fastening the animals was accompanied by an increased secre- 
tion amounting to several times the rate in quiet existence. Such, in brief, 
is the direct support given Cannon’s contention that the adrenal medulla 
becomes active in emotion. And from many investigators working in 
diverse parts of the world and using a variety of methods has come confirma- 
tion of his demonstration that other stressful experiences, pain, asphyxia, 
exposure to cold, hypoglycemia, all pioduce an augmented secretion of 
adienin (Cannon, 1928rG 1929; Cannon, Lewis, and Britton, 1926). 
Contrary to this mass of positive evidence is the doctrine, vigorously put 
forward by Stewart and Rogoif some years ago, that the output of adrenin 
is constant and unchangeable (Stewart, 1922). This is not the place 
to w^eigh and counterweigh the opinions of Stewart and Rogoff. It is 
sufficient to point out that their theory was based implicitly upon negative 
results obtained by a method which, in the hands of the only other in- 
vestigators who have used it, has contributed further evidence in favor 
of Cannons view (Kodama, 1923; Sugawara, Watanabe, and Saito, 
1926). Furthermore, the reader is advised that Cannon and his col- 
laborators (Cannon, 1928r/, Cannon and Britton, 1927; Cannon and Rap- 
port, I92la) have effectively answered, by appeal to experimental evidence, 
the many theoretical arguments advanced by Stewart and Rogoff in criti- 
cism of each and every method that has yielded results contrary to their 
own. 

Most conclusive and most significant of all the evidence for emotional 
activation of the adrenal medulla is that recently reported by Cannon and 
Britton (1927). They made use of cats in which denervation of the 
heart and all other operative procedures were carried out by surgical 
methods. The emotional reactions of these animals were studied later 
while they were living normally in the laboratory. In such lasting pre- 
parations of the denervated heart emotional excitement induced by the 
presence of a barking dog or by restraint in a holder was invariably ac- 
companied by marked increments in pulse rate. Characteristically they 
persisted for some time after the stimulus for them had ceased to act; 
after the cats had been excited by a dog for one minute they were removed 
from the scene of the disturbance and allowed to lie quietly on a cushion 
whereupon the faster pulse rate fell off gradually and attained the quiet 
rate only after 15 or 20 minutes. This result is similar to the prolonged 
inhibition of gastric secretion noted by Bickcl and Sasaki and is related 
to the common experience that serenity and calmness are not restored for 
some time after an emotional upset. Control observations were made on 
the same animals by Cannon and Britton after extirpation of one adrenal 
and denervation of the other. Although such animals were quite healthy 
(due to retention of the essential cortex of one gland) and reacted with 
the same outward vigor to the emotional stimuli, the faster heart rate 
either wholly failed to occur or was so slight as to be explicable by a 
rise in temperature. 
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Of special interest was the finding, in these experiments of Cannon and 
Britton, that the output of adrenin varies directly with idle iintensiiv of 
the physical effort. For example, the increments in heart rate fu^eraged 
22 beats per minute when the excitement was accompanied by slight mus- 
cular activity (hissing, snarling, retraction of the ears, twitching the 
tail) and 49 beats when it was attended by struggle or aggressive move- 
ments of attack. This shows that the bodily processes are more pro- 
foundly altered in the full expression of emotion than in the preparatory 
visceral changes alone. As pointed out by the authors, it follows that 
“when limitation of the bodily disturbances is desirable, control of the 
controllable factors, the voluntary muscles, would minimize the effects of 
an emotional storm.” This new evidence is in contradiction to the view 
that suppression of the outward manifestations of strong emotion may lead 
to exaggeration of the visceral components of the response. Previous to 
the work of Cannon and Britton, the observations of Hartman, Waite, and 
Powell had furnished evidence that adrenal secretion is increased in mus- 
cular exercise and is proportional to the extent and duration of the activity. 

Gradation of adrenal secretion with the vigor of somatic emotional be- 
havior emphasizes the cooperation of the sympathetic system in activities 
involving energy changes in the body. The muscular activity which pre- 
vails or is likely to prevail in strong emotion is primarily dependent upon 
an increased oxygen supply. This requirement is met by adaptive changes 
in the circulatory and respiratory systems. The faster heart and vasocon- 
striction in the splanchnic region with shifting of blood to other parts 
are factors which increase the circulation rate and so multiply the num- 
ber of round trips taken by the oxygen-carrying red blood corpuscles be- 
tween the lungs and active tissues (skeletal muscles, central nervous sys- 
tem, and heart muscle itself). I'hese changes are under sym.pathico-ad re- 
nal control. And recent work has revealed another sympathetic effect 
which is of service in suppl)dng the increased oxygen demand of motion 
and emotion. Barcroft and his co-workers have proved that conditions of 
oxygen deficiency — asphyxia, hemorrhage, muscular exercise — cause the 
spleen to contract, and that when it contracts it discharges into the blood 
stream an extra supply of red blood corpuscles. Previously a higher con- 
centration of red corpuscles in the blood after emotional excitement or in- 
jection of adrenalin had been observed by Lamson, but he attributed it to 
occurrences in the liver. Later Izquierdo and Cannon (1928) demon- 
strated a 20-per-cent increase in circulating red cells in cats excited by 
dogs and showed that the effect is splenic in origin and is due to sym- 
patlietic discharge to the spleen. As regards the coincident secretion of 
adrenin, their experiments failed to indicate how great a role, if any, it 
plays in producing this effect. But it can certainly support the sympa- 
thetic impulses which act directly upon the heart and splanchnic vessels to 
bring about the vascular adjustments so necessary to sustained muscular 
activity. Also, amounts of this hormone corresponding to the amounts 
secreted have the ability to produce a rapid recovery of the capacity of 
fatigued muscle to respond to stimulation (Cannon, 1929), Its remark- 
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able action in restoring the ability of exhausted animals to continue run- 
ning has been clearly shown in the work of Campos, Cannon, Lundin, and 
Walker (1929). It was also found by these investigators that cutting 
the sympathetic nerves to the liver results in a striking reduction of the 
working ability. They were unable to ascribe this effect to interference 
with any of the known functions of the liver nerves. 

Another aspect of the sympathico-ad renal response in emotion which 
has a definite emergency value is the increase in blood sugar that it effects 
by causing a breakdown of the glycogen stores of the liver (glycogenolysis). 
The utility of such mobilization of carbohydrate lies in the fact that sugar 
is the optimum source of muscular eneigy. Since the kidneys do not per- 
mit sugar to escape until the percentage in the blood rises considerably 
above the normal level, the appearance of sugar in the urine, as a conse- 
quence of emotional excitement, is an indication of emotional hypergly- 
cemia. Emotional glycosuria in man and animals is an old and frequent 
observation (Cannon, 1929). Jn 1911 Cannon, Shohl, and Wright (see 
Cannon, 1929) demonstrated its appearance in cats, found that it varied 
with the magnitude of the emotional disturbance, and showed that it could 
not be induced after removal of the adrenals, 'fhe latter observation 
suggested that medulHadrenal secretion is a prime factor in producing the 
change and that it is of more consequence than a direct sympathetic dis- 
charge to the liver. Desiring further evidence on this point, Bulatao and 
Cannon (1925) investigated it in animals manifesting decorticate rage. 
They found that when the true pseudaffective state developed the blood 
sugar rose, on the average, to nearly five times its normal percentage. 
Appropriate operative procedures showed that as a causative factor secreted 
adrenin is far more potent than impulses over the splanchnic branches to 
the liver. A recent study by Britton (1928) has again demonstrated the 
prepotency of the humoral factor in throwing into action the glycogenolytic 
processes. When normal cats were excited by an aggressive dog, there 
were marked increments in the glycemic percentage. These responses were 
scarcely modified after section of the sympathetic nerves to the liver. On 
the other hand, ablation of the medulla of both adrenal glands, although 
it had no influence upon the general affective response, abolished the rise 
in blood sugar. It is interesting that a parallelism in the visceral and 
somatic reactions was again revealed by these experiments. Even so, the 
release of considerable quantities of sugar into the blood stream when 
emotion fe accompanied by only slight muscular activity seems to be in 
anticipation of a greater demand. 

The experimental evidence presented in the foregoing paragraphs gives 
reality to the statement that in emotion the viscera are dominated by activity 
in the sympathetic division of the autonomic system. In the production 
of these changes sympathetic impulses and adrenin, itself secreted as a re- 
sult of sympathetic discharge, cooperate. One change, the speed- 
ing of blood-clotting, is solely the result of increased adrenal secretion. 
Another, glycogenolysis, appears to be chiefly, if not entirely, due to the 
humoral factor. In the case of cardiac acceleration, the available evidence 
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in an automatic inborn mannei by neural mechanisms which lie wholly in 
the brain-stem and spinal cord. As rej^ards their degree of complexity and 
integration and their immunity to modification, there is every similarity 
between the reactions of an angry cat and those reactions of a falling cat 
which land it invariably upon all four feet. 

The foregoing considerations certainly suggest that the expression of this 
emotion is dependent upon the older, more primitive divisions of the cen- 
tral nervous system, '["here is much experimental evidence to show that 
this is actually the case. 

When a dog oi cat is deprived of its cerebral cortices the capacity 
for the exhibition of anger is by no means abolished. After complete re- 
moval or disconnection of all parts of the cerebral cortex and with some 
injury to corpora striata and the dorsal part of the thalamus, Goltz^s dog 
(1892) lived in good health for more than 18 months. The animal was 
reduced to a state of idiocy; it lost all of its learned behavior, showed no 
ability to regain the loss, and did not acquire any new modes of response. 
Its emotional activity was confined to a reaction, capable of regular elici- 
tation, which closely resembled the picture of rage as seen in a normal dog. 
The same was ttue of the similar dog described by Rothmann (1923). 
Dusser de Barenne (1920) prepared and studied for months two decorti- 
cate cats which showed marked emotional responses to various disturbances, 
innocuous as well as mildly harmful; merely lifting the animals caused 
energetic movements of defense and those reactions so characteristic of the 
angry cat — spitting, growling, and erection of the hair. The trivial and 
often irrelevant nature of the conditions which would evoke the rage 
reaction in these four animals is noteworthy. It was readily induced in 
Goltz's dog by merely pinching the skin. Taking the animal from its cage 
invariably caused barking, growling, biting, and every evidence of violent 
protest in spite of the fact that this procedure was the usual sign for feed- 
ing and would have become quite agreeable to any normal dog. Snarling 
and growling were obtained in Rothmann ’s dog by gentle scratching of its 
back, and the presence of a fly on the creature’s nose sent it into a fit of 
rage. It is disappointing that the reports of the emotional reactions of 
these animals mention only one symptom of sympathetic activity, the erec- 
tion of hair in the case of the cats. Other superficial signs of sympathetic 
discharge were undoubtedly present, but were evidently overlooked. In 
the course of some recent work the writer has studied in the chronic con- 
dition four cats and three dogs in which the ablations varied from removal 
of neocortex to extirpation of all cerebral tissue above the hypothalamus, 
A description of the types of emotional response exhibited by these animals 
will be given below, but it may be stated here that many observations on 
them have confirmed and extended those of the earlier investigators and 
leave no doubt that the chronically decorticate cat or dog can express rage. 

, The observations of Goltz, Rothmann, and Dusser de Barenne, show- 
ing that cortical ablation renders the mammal excessively prone to the dis- 
play of anger, led Cannon and Britton (1925) to make use of decorticate 
cats in the acute condition, i.e., animals which do not recover from the 
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effects of the operation, for the study of emotional activate hi of the sympa- 
thetic. It was found that after disconnectinji; tlie coitcx finm tlie brain- 
stem there appeared upon rcmovinj^ the anaesthetic “a j 2 :roup ai remark- 
able activities such as are usually associated with emotional excitement — 
a sort of sham rage.” lliey included: lashing of the tail; archuui oi the 
trunk; thrusting and jerking of the limbs in the thongs which fasiened 
them to the animal board, together with protrusion of the claws and claw- 
ing movements; snarling; movements of the head from side to side 'uirh 
attempts to bite ; very rapid panting with mouth open and movements of 
the tongue to and fio. These somatic activities were accompanied hv signs 
of a vigorous sympathetic discharge; erection of the tail hairs; sweating 
from the toe-pads; dilatation of the pupils; large increments in heart rate 
and arterial pressure; an abundant secretion of adrenin; and, as later 
shown by Bulatao and Cannon (1925), an increase in blood sugar up to 
five times the normal concentration. These activities occurred without 
special stimulation in “fits” lasting from a few seconds to many minutes 
with intervening periods of quiet during which a fit could be evoked by 
the slightest disturbance of the animal. 



C, cerebral cortex; D, diencephalon (indicated by dots); M, mesencephalon 
(midbrain); Md, medulla oblongata; 67/, cerebellum. I'he cross-hatching, from 
right downward to left, marks the portion of the brain which can be removed 
without interfering with the expression of rage. 

(After figure in W. B. Cannon's ^The Mechanism of Emotional Disturbance of 
Bodily Function,*' England J, Med., 1926.) 

For years the decerebrate cat,® an animal with brain-stem transected at 
a mesencephalic level (Figure 3), has been employed in the analysis of 
reflex action (Sherrington, 1906). The testimony of all who have inves- 


®Following Sherrington and in accord with the proper definition of the word 
cerebrum physiologists generally use the adjective decerebrate to designate the con- 
dition which ensues upon mesencephalic transection of the brain-stem. Decerehra- 
tlon and decortication are quite different procedures and should not be confused. 
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ligated such preparations is consistent in showing that they never exhibit 
the typical decorticate rage. The decerebrate cat of acute experiments 
displays marked rigidity of the antigiavity muscles and this postural 
condition is not interrupted by movements nor is marked sympathetic 
discharge evident unless nociceptive stimuli be given. Woodworth and 
Sherrington (1904) have desciibed certain responses, expressive of affec- 
tive states, which they were able to evoke in decerebrate cats by strong 
stimulation of sensory neives, but these “pseudaffective reflexes,” as they 
were designated, “never amounted to an effective action of attack or 
escape.” In contrast, the sham rage of the decorticate cat is elicited by 
the slightest disturbance of any kind, is astonishingly intense, and possesses 
a width and energy of expression that make it unmistakably the counter- 
part of the behavior of the enraged normal animal. This more general, 
more energetic, and more easily evoked activity must be dependent upon 
neural mechanisms which lie below the cortex and above the midbrain. 

A delimitation of the subcortical region responsible for the sham rage of 
the decorticate cat was undertaken by Bard and the results were repoited 
in 1928, The experimental procedure adopted was that of ablation of 
varying amounts of brain-stem after removal of the cerebral cortices. 
In a series of forty-six successful acute experiments the sham rage oc- 
curred regularly after ablation of corpora striata and the rustial half of the 
diencephalon. It appeared in typical form after still moie caudal trunca- 
tions of the brain-stem. For example, sham rage of maximal intensity 
occurred when there remained above the midbrain only a thin caudal 
segment of diencephalon. This consisted, vcntrally, of the distal portion 
of the hypothalamus and, dorsalty, of a correspondingly small amount of 
thalamus, metathalamus, and epithalamus. I'hat the dorsal portion of 
this region is not essentially concerned in the activity was shown by the 
results of other experiments in which the sections passed ventral ly and 
rostrally from the anterior colliculi. In these animals there remained of 
the dicncephalon only the greater part of the hypothalamus and very small 
ventro-caudal fractions of the thalamus. When the brain-stem was 
truncated at the caudal extremitv of the diencephalon or through the 
cranial portion of the mesencephalon (Figure 3), the sham rage invariably 
failed to develop. Such animals exhibited decerebrate rigidity and re- 
mained quiet during the hours of survival. 

From these results the conclusion was drawn that the discharge of 
nervous impulses which evokes this extraordinary motor activity of the 
acute decorticate preparation is conditioned by central mechanisms which 
lie within an area comprising the caudal half of the hypothalamus and the 
most ventral and most caudal fractions of the corresponding segment of the 
thalamus. From the point of view of localization the experimental facts 
justified a less conservative statement. Anatomical considerations make 
it improbable that the small remnants of certain thalamic nuclei left in 
•some of the active animals were of any functional significance. Conse- 
quently it may be stated with assurance that the sham rage depends on 
the caudal hypothalamus. Certain theoretical writers (Harlow and 
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Stagner, 1932), ignoring obvious anatomical facts, ha\e been incautious 
in claiming that the thalamus is involved in these activities. 

Important parts of the central arrangements for the expicssitm of rage 
are of course located below the diencephalon. Certain individual elements 
of the entire reaction may be induced in the spinal animal, and still more 
in bulbo-spinal or midbrain preparations. Decerebrate cats which i^avett 
and Penheld (1922) were able to keep alive for peiiods of time var\iiig 
from several days to three weeks exhibited a certain “pseudaffective” ac- 
tivity. This consisted of sucli isolated items of behavior as biting, clawing, 
and waving of the tail; it never attained a general affective state and 
was typically brought forth by a stimulus connected with some habitual 
mode of response. Recently Keller (1932) has reported the occurrence 
of rage responses in cats which he succeeded in maintaining for as long 
as 18 to 20 days after decerebration. I'he specific reactions were some- 
what more readily elicited after cutting through the middle and lower 
portions of the midbrain than after high mesencephalic transections. 
This “rage” was evidenced hy spitting, giowling, tail-waving, pawing 
(scratching?), and signs of sjmpathetic discharge. Rather slight dis- 
turbances sufficed to provoke the reactions. 'The protocols published by 
Keller give no indication that his animals ever exhibited at any one time 
more than a few" of the activities which constitute the full expression of 
rage seen in decorticate or hypothalamic cats. It appears that the full 
capacity of expression is not present unless the hypothalamic legion is 
intact. The very fact that there is such a tremendous contrast in behavior 
between hypothalamic and decerebrate cats in the acute state is sufficient 
evidence that the diencephalic mechanism adds a prepotent factor for the 
expression of rage. Even were it argued that the inactivity of acute 
decerebrate preparations is due to some sort of ‘^shock” there remains the 
fact that such “shock” is absent in hypothalamic animals. 

The central source of the vigorous sympathetic activity which accom- 
panies strong emotional excitement is a matter of primaiy importance in 
any consideration of the neural basis of emotional expression. A central 
representation of the sympatlictic can be discerned in the medulla oblongata 
(Bard, 1929), We may regard as sjanpathetic centers the well-estab- 
lished bulbar vasoconstrictor center, the center for the reflex secretion of 
adrenin located by Cannon and Rapport (1921/;) in the upper part of 
the medulla, and the neural mechanism concerned in reflex hyperglycemia 
which Brooks (1931) has delimited in this same part of the brain. Al- 
though sympathetic activity may be induced in the chronic spinal animal by 
nociceptive stimuli and even by hypoglycemia (Brooks, 1933, 1934), it is 
practically certain that the tonic and most of the reflex sympathetic re- 
sponses of intact animals are dependent upon the medulla oblongata. 
There is available no good evidence that such activities require supra- 
bulbar levels of integration. Nevertheless it is now thoroughly established 
that there is a hypothalamic representation of the sympathetic. Karplus 
and Kreidl (1909, 1910, 1911, 1918, 1927) have observed that local 
stimulation of the hypothalamus in narcotised animals causes various sym- 
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pathetic discharges, and Houssay and Molinelli (1925) leported that 
similar stimulation induces medulliadrenal secretion. Beattie, Brow, and 
Long (1930) have shown that the very same part of the hypothalamus 
which IS necessary for sham rage is the source of the sympathetic impulses 
responsible for the cardiac extrasystoles occurring under chloroform 
anaesthesia. The thalamus apparently lacks any similar sympathetic 
representation (Karplus and Kreidl, 1909, 1910, 1911, 1918, 1927; 
Ranson and Magoun, 1933; Sachs, 1911). What is the significance of 
the fact that sympathetic discharges may be induced by local stimulation of 
the hj^pothalamic region? It seems to the writer that a likely explanation 
of this fact may he derived fiom Cannon’s concept of the emergency 
function of the sympathetic. This implies a dominant central mechanism 
responsible for the sympathetic activity characteristic of emergency states. 
Conspicuous among the latter are emotional excitement and exposure to 
cold. The actual existence of such a center and its hypothalamic location 
are supported not only by the work on sham rage, but by the various 
lines of work which have delimited the part of the brain essential for 
maintaining a constant body temperature in the face of environmental cold 
(Bazett, Alpers, and Erb, 1933; Keller and Hare, 1932). 

As has already been pointed out, several physiologists have reported 
that signs of anger can be elicited in dogs and cats during prolonged 
survival periods following decortication (Goltz, 1892; Rothmann, 1923; 
Dusser de Barenne, 1920; Schaltenbrand and Cobb, 1931). These 
writers, however, were not particularly concerned with this aspect of 
behavior and did not devote much attention to it. Therefore it seemed 
worth while to reinvestigate the matter and to determine more precisely, 
if possible, the conditions under which a display of anger can be evoked in 
such animals. It seemed especially desirable to compare at first hand the 
chronic with the acute preparation. Altogether the writer has prepared 
and studied during long survival periods four cats and three dogs in 
which the least extensive cerebral ablation has been bilateral removal of 
the neocortex, i.e., all cortex except that belonging to the rhinencephalon. 
The general behavior of these animals and detailed descriptions of the 
modes of emotional expression displayed by them are given elsewhere 
(Bard, 1934). I'he brain of each has been serially sectioned and the 
exact extent of the removal thus ascertained. The four cats differed 
considerably in respect to the extent of forebrain ablated and a report 
correlating the anatomical with the physiological differences will soon 
appear (Bard and Rioch). 

‘ The first animal of this series was cat 103. She was kept for twenty- 
eight months after the second and final intracranial operation. Serial 
sections of the brain have shown that the entire neocortex, the lateral 
parts of the dorsal thalami, the rostro-lateral portions of the caudate 
nuclei, and most of the rhinencephalon on one side had been cut away. 
The greater part of the striatum, the entire hypothalamus and the mesen- 
cephalon were uninjured. In cat 313 a similar ablation wavS carried out, 
but with somewhat less involvement of rhinencephalon and with very 



PHILIP BARD 


291 


little damage to the thalanuib. This animal remained in t health 

for SIX weeks and then suddenly succumbed to an acute leaah.aoiy in- 
fection. Cat 244 was subjected to a some\Uiat gieaUi uf 

cerebral tissue than were cats 103 and 313, llie greater pa-’ ;pe 
striatum, much of the rhmencephalon and almost all oi the tludiam./, h<id 
been extirpated, but the hypothalamus remained intact. With the hr am 
in this condition she remained in good health for eleven months ami \rcis 
finally sacriheed for the neuro-anatomical study. The fourth cal, Nt'. 
228, survived thirteen months and was to all intents and purposes a 
hypothalamic preparation. The i hinencephalon had been wholly removed 
or disconnected except for a small fragment of septum and tuberculum 
olfactorium on one side, the striatum had been ablated and apart from 
the hypothalamus there remained of the diencephalon only the habenular 
ganglia and a little of the most medial portion of the dorsal thalamus. 
Two dogs were subjected to essentially the same cerebral removal as cat 
313 and were kept for three and four months, respectively. Another dog 
was maintained for eleven weeks after removal of all cortex, striatum, 
and most of the dienccphalon above the hypothalamus. 

Each of the four “decorticate’^ cats cxiuhited definite signs of anger 
when stimulated in various ways. Pinching the tip of the tail or the loose 
skin of the flank evoked a stereotyped leaction consisting of lowering the 
head, raising the back, retraction of cars, loud growling, hissing, biting, 
alternate striking movements of the forelegs with claws unsheathed, 
turning to one side or the other, erection of hair, pupillo-dilatation, 
retraction of nictitating membranes, widening of the palpebral spaces, 
cardiac acceleration, and, occasionally, sweating from the toc-pads. This 
reaction varied from the display of rage seen in normal cats in being 
undirected. Although the striking was not incoordinate and the biting 
quite energetic, both were first directed to the region just beneath the 
jaws. As the head was turned the attack was usually shifted to the ani- 
mal \s own flank, hip, or hindleg but without reference to the point of 
stimulation. Thus the experimenter’s hand could be applied with im- 
punity. It is significant that the animal never made any attempt to 
escape or move away during the stimulation. ITe response never outlasted 
the stimulus; “after-discharge” was minimal. It was always safe im- 
mediately upon stopping the effective stimulation to place one’s finger 
against the animal’s moutlu The ease with which the rage reaction could 
be induced, in each cat varied from time to time and in general it was 
impossible to correlate these changes with any definite condition or cir- 
cumstance. At times merely rolling the tip of the tail gently between 
thumb and forefinger sufficed to evoke a violent reaction. At other times 
a strong pinch was required. Occasionally the full response occurred when 
the cat was brushed or merely lifted. When the animal was tied on its 
back in precisely the same manner as were the cats of the earlier experi- 
ments (Bard, 1928), the reaction induced was in every detail precis<4y 
the same as that described as sham rage. In order the better to appraise 
this behavior a large number of normal cats were subjected to this form 
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of restraint. The responses obtained in vip:orous normal animals differed 
in no essential way from the sham rage of acutely or chronically decorticate 
and hypothalamic cats. Although the typical rage reaction of cats 103 
and 313 showed certain fluctuations in the ease with which it could be 
evoked, it failed to undergo any progressive change in threshold or inten- 
sity. During the third, fourth, and fifth weeks of her survival cat 228 
exhibited signs of the most exticme fuiy on the slightest disturbance, but 
from the sixth to the tenth weeks a diminution in the intensity and a 
rise in the threshold of the response were observed. Thereafter it could 
always be evoked, but only by strong nociceptive stimulation. Rage reac- 
tions were always less readily induced by ordinary manipulations in 244 
than in any of the other cats. This animal, however, was peculiar in that 
she struck out with vigor, hissed and spat when attacked by other cats or 
when such an attack was mimicked by tapping her on the face with one^& 
finger. 

Each of the dogs showed signs of anger when disturbed in certain ways. 
Hie responses were essentially the same as those described by Goltz and 
Rothmann. They were so readily provoked in one of the dogs without 
neocortex that an attendant, used to ill-tempered animals, expressed his 
unwillingness to continue handling the animal. In the course of experi- 
ments on the temperature control of these dogs it was found that subjecting 
them to warm environmental temperatures diminished their tendency to 
display signs of anger whereas exposure to cold had the opposite effect. 

On the basis of the foregoing account it may be stated with some 
assurance that the pattern of response which constitutes the expression of 
anger in certain mammals depends on a central mechanism that is situated 
subcortically. The results obtained in acute experiments on cats showed 
that this neural mechanism is located in the base of the diencephalon, a 
phylogenetically ancient part of the brain, common to all members of the 
vertebrate series. The more recent observation that typical signs of rage 
can, be elicited in dogs and cats during long periods of survival following 
removal of nearly all cerebral tissue above the hypothalamus supports the 
earlier findings. The survival experiments also afford a more substantial 
basis for a discussion of the nature of the central processes which underlie 
the expression of this emotion in normal animals. 

In 1884 the English neurologist, Hughlings Jackson, made a suggestion 
that has received much support in recent years, especially in the writings 
of Head (1920, 1921). It was to the effect that the nervous system is 
organised in such a way that the primitive reactions of the older parts are* 
prevented from playing a dominant role in behavior by the inhibitory in- 
fluence of higher levels. Thus the cerebral cortex normally holds in 
check those activities of the lower, more archaic centers which would 
seriously interfere witli its more discriminative reactions. The expres- 
sion of strong emotional excitement is just this sort of activity. On the 
of the doctrine of Jackson, its occurrence after removal of the cortex 
may he regarded as a release phenomenon’* due to the freeing of a sub- 
cortical mechanism from cortical restraint. It will be profitable to ex- 
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amine, in the light of the available evidence, the probabilitt of this e\ plana- 
tion. 

The excessivcncss and easy elicitation of the sham rage exhibited by 
freshly decorticated cats indicate that the central mechanisms inv()lve<l 
are overactive and hypercxcitable, a state certainly suggestive of release 
from higher control. However, in acute experiments the possibility of 
excitation from some sort of “irritation*^ cannot be wholly excluded. 
Nevertheless the fact that sham rage develops in the same form after 
cutting through the forebrain at any subcortical level above the caudal 
diencephalon makes it most improbable that direct irritation from injury 
is a significant factor in its genesis. It is certain that anv tendency of 
long-surviving animals to react excessivelv must be attributed to some sor.t 
of release, 'fhe seven chronic preparations described above W'ere observed 
and studied before operation for periods of time sufficient to obtain an 
excellent knowledge of the general nature and individual traits of each. 
Thus there is a firm basis for stating that after decortication the tendency 
of cat 103 to react to any one of several rage stimuli (tying on board, 
pinching tail, handling roughly) was, as a rule, definitely greater than 
before operation. During the fouith and fifth weeks of her survival cat 
228 displayed anger excessively under conditions which had proved wholly 
ineffective as lagc stimuli before the cerebral ablation. 'Fhe gradual 
regression of the rage reaction in this animal is of interest, but it does not 
seem possible to account tor it on the basis of any known fact. The rage 
response evokable after operation was somewhat more violent and more 
easily provoked in 313 than in any of the other cars. This may possibly 
be related to the extraordinary wildness and intractability that character- 
ized this animal before operation. However, the difference between the 
rage reactions of 103 and 313 in the decorticate state becomes trivial when 
compared to the very great contrast in disposition exhibited by the two 
animals through long pre-operative observation periods. After operation 
the three dogs showed a greater tendency to display anger in response to 
mildly nociceptive stimuli. Cat 244 was the only animal of the series 
that failed indubitably to show such a change. The results of these two 
sets of studies favor the idea that decortication leads to a release of the 
subcortical rage mechanism from an inhibitory influence. The fact that 
the chronic preparations reacted in general less excessively than did the 
animals of the acute experiments suggests the operation of other factors 
than release. The possibility of the presence of ‘‘irritation” as a factor 
in the acute experiments has been discussed. It is not unlikely that in the 
case of continued survival without cortex and other higher centers rtdea^e 
of the hypothalamic mechanism is coupled with and modified by some 
lowering of its excitability. 

If a behavior pattern such as that of rage can be elicited after removal 
of cerebral cortex it may be supposed that the display of other primitive 
forms of emotional excitement may also be evoked in the absence of this 
highest and newest part of the brain. No evidence that such is tlie case 
had been given in the earlier reports of surviving decot ticate animals, 
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and one of the main objectives in the preparation of the four cats de- 
scribed above was the exploration of this question. It was therefore a 
matter of much interest to find that the first of the decorticate cats, No. 
103, reacted to certain loud noises by exhibiting signs of fear. On the 
eleventh postoperative day it happened, quite by chance, that this animal 
was exposed to the sound made by the escape of steam under high pressure. 
The moment the noise was heard the cat abruptly retracted and lowered 
its head, crouched, mewed, and then dashed off running rapidly in a 
slinking manner with head, chest, belly, and tail close to the floor. After 
blindly colliding with several objects in her path, she came to rest in a 
corner, where she crouched mewing plaintively with eyes and pupils wide 
and the hair of back and tail elected. This reaction was frequently 
obtained in 103 during her long period of survival and it was easily 
evoked in 313. Cat 244 also responded in a similar, but somewliat less 
intense, fashion. Loud noises proved to be the only agents capable of 
inducing a fear icaction in these animals. After much experimentation 
it was found that the most effective stimulus was the loud blast of a 
bugle or police whistle. No frank signs of fear could ever be evoked in 
cat 228. This animal differed also from the others in failing to respond 
to certain sounds of low intensity. A low whistle or scraping and clicking 
noises caused 103, 313, or 244 to turn the head and prick up the ears 
so that a listening attitude was assumed. 

When normal cats were subjected to the blast of a bugle or the sound 
of escaping steam the majority reacted in very much the same way as 
did decorticate cats 103, 313, and 244, A few merely crouched with 
head retracted, eyes wide, and mewed as if frightened and bewildered. 
Others at once dashed off precipitately and made wild attempts to escape 
as if possessed by the most profound terror. Such observations lead to the 
conviction that it is correct to describe the similar behavior of the decorti- 
cate animals as an exhibition of fear or terror. It is a specific form of 
activity that cannot possibly be confused with any other mode of response. 
The element of escape which was completely lacking in the rage responses 
of these same animals was a most prominent feature of their fear reaction. 
Conversely, the element of attack which characterized their exhibitions 
of anger formed no part of the fear response. While these observations 
show that fear may be displayed in cats after removal of neocortex and 
much of the diencephalon, they fail to delimit the subcortical region re- 
sponsible for the activity. Its failure to occur in cat 228 is of some 
interest in this connection. This fact may lead at first sight to the sup- 
position that some part of the forebrain above the hypothalamus is essential 
for the elicitation of a fear reaction, but when one considers that the 
effective stimuli were auditory a more cogent explanation comes to mind. 
In cat 228, the medial geniculate bodies were removed, whereas these 
important parts of the central auditory apparatus remained intact in cats 
103 and 313; in cat 244, where the fear reaction was somewhat less 
pronounced, one medial geniculate had been extensively damaged. 

It would be of great interest to know whether a full display of sexual 



PHILIP BARD 


295 


excitement could occur in animals without cerebral cortex. Of the ten 
or twelve dogs and cats that have been reported as surviving for long 
periods without cortex, cat 103 (a mature female} has been the only 
one that exhibited any evidence of this type of emotional behavior. 
During the second month following the final cerebral opeiation and 
again m the sixth month of survival it was noted that mechanical stimu- 
lation of the genitalia evoked elevation of the pelvis and tail and treading 
movements of the hindlegs. This response was sometimes followed b\ 
rolling, head-rubbing, and the assumption of a playful attitude. Con- 
siderable observation has shown that such behavior is an invariable ac- 
companiment of oestrus in normal female cats and that it becomes 
accentuated when a male is present. Cat 103 attracted males and yielded 
a vaginal smear typical of oestrus only when this behavior could be 
induced. When she became the object of the attentions of a sexually 
excited male cat, 103 failed to respond to their preliminary advances 
except to show the usual signs of anger in response to rough treatment. 
When, on three occasions, intromission actually occurred in spite of her 
failure to cooperate, she displayed the same reaction that was induced by 
artificial mechanical stimulation. Thus a behavior pattern which con- 
stitutes a part of the elaborate courtship behavior of the normal oestrous 
female was evoked only by direct sexual stimulation. No very definite 
conclusions as to the central management of sex'ual behavior can be drawn 
from this isolated experience. The observations have had their chief value 
in suggesting that further analysis may definitely reveal a subcortical locus 
for the essential neural organization involved in this important mode of 
emotional expression. 

Many years ago Bekhterev (1887) reported signs of pleasure in freshly 
decorticated animals, purring in cats and tail-wagging in dogs, and he 
stated that these responses disappeared after removing the thalamus. On 
the other hand, Goltz^s dog never gave any evidence of joy or pleasure 
and Rothmann^s animal was also apparently incapable of this sort of 
behavior. The same was true of the three dogs prepared by the writer; 
petting never induced tail-wagging or other signs of enjoyment. On 
many occasions persistent attempts were made to evoke signs of pleasure 
in each of the four cats prepared by the writer. Stroking them gently or 
rubbing their heads never induced such signs. Cat 244 was heard to purr 
on one occasion. Although the conditions under which this occurred 
(lying unrestrained on a soft surface with thermocouples applied to the 
flank) were many times repeated they invariably failed to induce it. None 
of the other cats ever purred when made comfortable and gently petted. 
On several occasions Schaltenbrand and Cobb heard purring in their cat 
without neocortex and this leaves no doubt that such animals may purr. 
It is, however, very doubtful that purring in itself is a sign of pleasure 
or contentment. Normal cats purr under several quite different circum- 
stances and it is not uncommon to hear it in animals that are definitely 
agitated and restless; indeed, it sometimes occurs in cats that are showing 
signs of anger. In the light of these facts it seems fair to say that there 
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is at hand no evidence that typical signs of pleasure can be evoked in dogs 
and cats after removal of cerebral cortex. 

Before dismissing the subject of emotional expiession in animals, it may 
be of some service to stress certain features of the results that have been 
obtained. In the first place, it cannot too stiongly be emphasized that in 
his experimental work the physiologist (as distinguished from the student 
of subjective experiences) considers emotions as behavior patterns. When 
Cannon and Britton (1925) first described the remarkable activity of 
acutely decorticate cats they identiKed it as an expression of rage. Bard 
(1928), in leporting his subsequent study of these preparations, con- 
cluded that “this behavior simulates the expression of anger as seen in 
the normal cat and is best described as sham rage.” Both Cannon and 
Bard have employed the term “sham rage” to indicate that they were 
dealing with an expression of this emotion and to suggest the very great 
probability that decortication profoundly modifies the capacity for sub- 
jectively experiencing emotion.*^ The propriety of designating this ac- 
tivity of decorticate animals as a display of rage has been questioned by 
Harlow and Stagner (1932). These writers maintain that it really 
represents “excitement” and they suggest that the activities of the sham 
rage “would characterize the emotion of ‘fear’ as adequately as they 
would the emotion of ‘rage.’” But Bard (1928) had pointed out that 
anyone who has ever tied an unruly cat to an animal board will agree 
that the sham rage closely resembles the behavior of the infuriated normal 
animal. It is doubtless impossible to determine whether a cat standing up 
to an attacking or threatening dog is subjectively expenencin^ rage or 
fear or a mixture of both, but on the supposition that different things 
should have different names it can be asserted that a normal cat is capable 
of displaying both rage and fear. When a cat reacts by spitting and 
aggressive biting and clawing, it is necessary to call it one thing. When 
this same cat dashes off in a fuitive or precipitate manner, mewing plain- 
tively, and tremblingly goes to cover on the first opportunity, it is proper 
to designate this as something else. General usage leads one to call the 
former an expression of anger, the latter a display of fear or terror. 
This distinction is also applicable to long-surviving decorticate animals, 
for it is now known that they are capable of showing not only sham rage, 
but an entirely different reaction pattern that very closely resembles the 
exhibition of fear cvokable in normal animals of the same species. In 
view of the available facts, it can scarcely be denied that emotions, as 
patterns of response, do exist. These facts also dispose of the contention 
(Harlow and Stagner, 1933) that the specificity of an emotion is de- 
pendent upon cognitive processes whose anatomical seat is in the cerebral 
cortex. It is now established that specifically different forms of emo- 
tional behavior are evokable after removal of cerebral cortex. 


’^Since implies something fake or counterfeit, while “quasi-” meant* “as 

or “having some resemblance,’* it would doubtless have been more accurate to 
use the expression “quasi-rage.** 
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When we turn to the experience of the clinic, we find a mass of evidence 
to show that there is subcortical management of several t}pes of emotional 
expression. This has recently been presented in some detail by Cannon 
(1927, 1928Z»). It consists of examples of emotional ovenutisit} and 
of emotional paial>sis. In the former theie are generally good ieasf)ns 
to suspect removal of cortical control; in the latter theie arc usualh 
signs of subcortical impairment of function. 

First of all are certain phenomena associated with anaesthesia. I'hc 
general anaesthetics, such as ether, chloroform, and nitrous oxide, together 
with alcohol, are drugs which act ns depressants, not as excitants (Cushn>, 
1928). All parts of the central nervous system, however, are not eiiuallv 
sensitive to their action. Indeed they are useful in surgery because they 
first depress the cortical processes associated with consciousness, next re- 
flexes in general, and, last of all, the bulbar centers concerned with lespira- 
tion and other essential functions. Accordingly they may be used to 
produce insensibility and muscular relaxation without endangering life. 
When any one of these agents is administered the stage of relatively deep 
surgical anaesthesia is preceded by a primary stage of imperfect conscious- 
ness and a secondary stage of excitement. During the excitement stage 
there may be the most remarkable emotional display; the patient is likely 
to weep and groan, sing jo,vously, laugh uproariously, or exhibit all the 
aggressive signs of rage. While such emotional behavior is going on, the 
surgeon may — as is sometimes necessary — peiform an operation of consider- 
able extent and gravity, and yet later the patient, when wholly conscious, 
will testify that he was not at all aware of what was happening. It is 
clear that in such cases vigorous emotional behavior occurs in the absence 
of emotional consciousness. This means that, although the cerebral cortex 
is narcotized and inactive, lovier centers, themselves not depressed, act in 
much the same way as after surgical decortication. The anaesthetic func- 
tionally decorticates, lessens or destroys for a time cortical inhibition of 
lower centers, and so releases them to carry out their characteristic motor 
activities. 

In further support of a subcortical origin of various kinds of emotional 
behavior in human beings are many findings of clinical neurology. When 
a destructive lesion interrupts the voluntary motor path from the cortex, 
paralysis of willed movement may not be attended by any impairment of 
emotional expression. The deficiency is most often unilateral, but may be 
bilateral Such patients arc incapable of moving one or both sides of the 
face, but when a sad or joyous situation develops, the muscles of facial 
expression go into action to give both sides of the face an expression of sad- 
ness or gaiety (Wilson, 1924, 1929). In single or double hemiplegia 
with partial or complete facial paralysis or, more commonly, in ‘‘pseudo- 
bulbar ])alsy,*^ a condition involving volitional facial weakness, there may 
be fits of exaggerated, forced, uncontrollable laughing or crying brought 
on inevitably and with extreme facility by almost any stimulus. A num- 
ber of such cases have been described and discussed at length by Kinni<’r 
Wilson (1924, 1929). Two will serve as typical examples. One, a 



298 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


young pseudobulbai patient, had suffered a complete loss of all voluntary 
facial movement so that he could not voluntarily close his eyes, elevate 
and retract the corners of his mouth, close or open his mouth, bite, swal- 
low, utter a vocal sound oi cough. In contrast to this paralysis of volun- 
tary movement was the preservation of emotional movements of laughing j 
he went off into rounds of laughter on the slightest provocation so that 
his existence was one long roar of laughter. Another of Wilson’s patients, 
a woman, became peculiarly lachrymose after a stroke had pioduced a right 
hemiplegia with aphasia, the least emotional stimulus threw her into a fit 
of crying with copious tears so that bout aftei bout of weeping succeeded 
one another through the day. In such cases as these the over-reaction 
may be confined to either laughing or crying, or both modes of expression 
may occur at different times in the same individual. Uncontrollable 
pathological laughing or crying are typically allowed by lesions of the 
voluntaiy paths from the cortex to the medulla and spinal cord, and Wil- 
son states that ^'the more severe the volitional facio-respiratoiy paralysis, 
the more exaggerated is involuntary innervation of the same mechanism.” 
This fact suggests that interruption of the voluntary cortical control leads 
to unbalanced activity in a separate neural apparatus which is the source 
of the emotional behavior and which under normal conditions is held in 
check by cortical activity. 

Because the lesions associated with pathological laughing and crying 
most often involve cortico-thalamic fibers it has been supposed that the 
abnormality is the result of freeing the thalamus from a cortical check. 
Brissaud long ago asserted that integrity of the thalamus is essential for 
the appearance of spasmodic uncontrolled laughter and weeping, but Wil- 
son (1924, 1929) objects to this view for the reason that they may occur 
when the thalamus itself is grossly diseased. Nevertheless, there is evi- 
dence to show that when the base of the thalamic region, tlie part essential 
for the rage-reaction, is the site of a morbid condition there is typically a 
loss of emotional expression. This fact is mentioned by Wilson, but it 
is interpreted by him as due to the interruption of fibers of cortical origin 
which he believes are *^thc routes taken by emotional impulses to modify 
the facio-respiratory synkinesis in the direction either of laughter or the 
reverse.” For the existence of such paths in the brain-stem, especially in 
the midbrain, Wilson presents good evidence, both clinical and physio- 
logical, but his assumption that they are of cortical origin is not convincing, 
for, as he himself admits, no case of emotional paralysis originating in a 
cortical lesion has yet been recorded. On the other hand, lesions which 
separate the cortex from lower levels are commonly followed by exagger- 
ated emotionaractivity. It is more in accord with the evidence at hand to 
think in terms of a subcortical organization for emotional expression lo- 
cated or centered in the under part of the thalamus, connected by efferent 
paths with the primary motor nuclei of medulla and spinal cord, and nor- 
mally subject to cortical restraint. 

The occurrence of emotional paralysis with retention of volitional nor- 
mality is another datum of clinical experience which bears upon the pres- 
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ent discussion. There are patients who can voluntarily move both sides of 
the face in a normal symmetrical manner, yet one side remains motionless 
whenever they laugh in fun, weep in sorrow, or make a giimacr in pain. 
The lesions provocative of this effect are, as far as the writer has been able 
to determine, invariably subcortical. Kirilzev ( 1<S91 ) has described a man 
with emotional paralysis of the right side of the face in vhum autopsv dis 
closed a tumor in the center of the left thalamus. Wilson ( 1924, 1929) 
leports thiee similar cases; in one there was a tumor of the subthalamic 
region on one side; and in the other two there were lesions in the mid- 
brain. More complete loss of emotional expiession is sometimes seen 
when the ventral part of the diencephalon is involved in a pathological 
process. Fulton and Bailey (1929) have pointed out that among the 
symptoms of tumors of this region is a curious emotional negativism; for 
example, one of their patients appeared to he devoid of all emotional ex- 
pression, exhibited a “fatuous serenity of mind with complete failure to 
appreciate the gravity of his own physical condition. Also, in cases of 
“narcolepsy” with disease of the region of the third ventricle the expression 
and the feeling of emotion may be quite absent; such patients meet jibes 
and insults witli utter indifference and give no evidence of affective re- 
sponse when some tragic happening is called to mind. All these instances 
of impairment of emotional expression can be reasonably accounted for 
on the basis of a defect in the subcoitical mechanism suggested above. 

The foregoing observations, physiological, clinical, and pathological, 
point to the dienccphalon as the region in which resides the neural organi- 
zation for the expression of various emotional states. It also follows from 
the same evidence that inhibitory cortical influences normally prevent the 
primitive activities from dominating behavior. I'he subcortical piocesscs 
are at all times ready to seize control of the motor reactions and when the 
cortical check is released they do so promptly and with elemental vigor. 
Thus while the behavior attending the primitive emotions is certainly not 
due to a nervous discharge of cortical origin, we must ascribe to the cortex 
an important role in the production of such behavior. As an efferent pro- 
jection system the cerebral cortex apparently has a negative function in 
regard to these activities. Furthermore, as the neural basis for the con- 
ditioned responses of the higher mammals (Pavlov, 1927), the cortex 
greatly increases the number of circumstances which arc capable of acting 
as emotional stimuli. By means of the cortex the inborn, stereotyped, 
emotional reactions, like the secretion of saliva and other simple reflexes, 
become, as the result of experience, conditioned responses. When con- 
ditioned stimuli evoke emotional responses we may suppose, on the basis 
of the argument just developed, that they do so by releasing the cortical 
check. 

TiiHORy OF Emotion 

The term emotion, as it is reasonably employed, implies two things: a 
way of acting and a way of feeling. The foregoing account has lieen lim- 
ited to a consideration of the nature and the neural basis of the bodily 
changes in emotion. It would, however, be a truncated and incomplete 
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treatment of the subject that did not mention the relation of these physio- 
logical phenomena to emotion as a mode of feeling. The nature of that 
relation constitutes a problem of psychological importance, and it may be 
approached with advantage from the point of view of this chapter. 

A cross-section of contempoiary psychological literature reveals a fairly 
■widespread tendency to accept as a solution of this problem the familiar 
theory of the emotions which is associated with the names of William 
James and C. G. Lange. 

The James-Lange Thenrw Bioadly stated, this theory holds that 
consciousness of the bodily disturbances is the essential element in emo- 
tional consciousness. Contrary to the popular conception which regards 
emotional display avS the sequence of emotional consciousness, it insists that 
the bodily manifestations of emotion must be interposed between the per- 
ception of the exciting fact and the occurrence of the mental state termed 
emotional. Expressed in terms of neural happenings, the theory is that 
the emotional stimulus (an object or a thought) evokes a motor discharge 
to effector organs whereupon afferent impulses course back from the re- 
acting organs and throw into action the cerebral processes which underlie 
emotional feeling. Such is the core of the hypothesis put forward by 
James, first in 1884 (see James and Lange, 1922), and re-explained by 
him ten years later (1894). As regards the source of the afferent im- 
pulses which transform the “object-simply-apprehendcd^’ to the “object- 
emotionally-felt,’* James assumed that they arise generally from somatic 
and visceral effectors. Always, however, he was inclined to attribute 
greater importance to the backflow from the viscera. Lange, who in 
1885 independently announced a similar theory, elaborated it almost en- 
tirely on the basis of changes in the circulatory system. According to 
him (see James and Lange, 1922, p. 73) stimulation of the vasomotor 
center by whatever arouses the emotions is the “root of the causes of the 
affections, however else they may be constituted, and is fundamental to the 
physiological phenomena which are the essential components of the affec- 
tions.’’ Common to both James and Lange was the tendency to limit 
tlieir theory to the explanation of the “coarser” emotions, fear, anger, joy, 
and sorrow. 

The arguments advanced by the original sponsors of the theory 
were not based on any crucial experimental tests. Lange enumerated the 
symptoms of the major emotions, claimed that they are all referable to 
vascular changes, and distinguished between one emotion and another on 
the basis of different bodily accompaniments. He pointed out that physi- 
ological effects attended by emotion may be induced by a variety of causes 
(wine, hashish, certain mushrooms, opium, a cold shower) which, he 
thought, are “utterly independent of disturbances of the mind.” In addi- 
tion he argued (p. 66) that abstraction of the bodily symptoms from a 
frightened individual leaves nothing of his fear — “let his pulse beat calmly, 
his lopk be firm, his color normal, his movements quick and sure, his 
speech strong, his thought clear; and what remains of his fear?” 
This same speculative argument was one of the chief lines of evi- 
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dence cited by James in support of his contention. He uri;ed (p. 102) 
as the vital point of his whole theory this introspective consideration: 
"'If we fancy some strong emotion, and then try to abstract from our con- 
sciousness of it all the feelings of its bodily syrnttosns, we find we have 
nothing left behind, no ‘mind-stuff’ out of which the emotion can he consti- 
tuted and that a cold and neutral state of intellectual perception is all 
that remains.” In further support of his theory James mentioned certain 
experiences in which bodily effects appear to be antecedent to the arousal 
of an emotion or an emotional idea; he summoned the testimony of fellow 
psycholo^ 2 :ists and of actors that sometimes, at le^t, voluntary mimicry ot 
emotional behavior is attended by the appropriate affect. 

Experimental and Observational Tests of the James-Lange Theory. 
Since the time when the James-Lange theory was developed, physiological 
experimentation and neurological observation have provided a number of 
objective facts which bear dircctlv upon it and give considerable insight as 
to its validity. These we shall consider. 

1. First of all, there are the numerous events occurring m the viscera 
during great emotional excitement. According to James, they play a major 
role in giving to consciousness an emotional hue. According to Lange, 
emotion is wholly the product of vascular changes. Pertinent to these 
assumptions are tlie following experimental facts. 

When the visceral processes which typically occur in emotion cannot 
•occur, emotional behavior is not altered. The first proof of this was ob- 
tained by Sherrington (1906), who sectioned the cervical spinal cord and 
vagus nerves in a number of dogs, thereby destroying all connection of 
the brain with the viscera of abdomen and thorax and separating the vaso- 
motor center from all vasomotor nerves except the tiny vasodilator^ com- 
ponents of the seventh and ninth cranial pairs. As previously mentioned, 
Cannon, Lewis, and Britton (1927; see also Cannon, Newton, Bright, 
Menkin, and Moore, 1929) have kept cats in a healthy state for many 
months after removal of the entire sympathetic division of the autonomic 
system, the division which in fear and rage operates to produce the visceral 
changes typical of those emotions. 'These operations, which^ removed 
surgically the sensations from the viscera to whicli Lange attr^uted the 
whole and James the major part of the felt emotion, had no effect upon 
the emotional responses of the parts which remained capable of reacting. 
Cannon reports (1927) that in the sympathectomiKed cats all super- 
ficial signs of rage were manifested in the presence of a barking dog- 
hissing, growling, retraction of the ears, showing of the teeth, lifting of 
the paw to strike — except erection of the hairs.** In Sherrington s dogs, 
reduction of the field of perception to the head, neck, and a small portion 
of the forelimbs with practically total visceral paralysis and anaesthesia 
produced no lessening of their emotional character. In anger, joy, dis- 
gust, and fear the innervated effectors reacted as before. Ihese experi- 
ments demonstrate clearly that, if the operated animals experienced anv 
emotional feeling, that feeling was not subsequent to or in any way de- 
pendent upon visceral changes. To that extent they contradict the James- 
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Lange theory. It has been argued, however, that such experiments have 
little or no bearing upon the theory because the animals’ consciousness may 
have been modified under the experimental conditions, that in fact the 
marked emotional display might not have been accompanied by any emo- 
tional feeling. But, as Sherrington has remarked, it is difficult to think 
that the perception initiating the wrathful expression should bring in 
sequel angry conduct and yet have been impotent to produce “angry feel- 
ing.” It may be added here, in anticipation of later consideration, that 
there have been human cases (Dana, 1921) in which elimination of the 
entire sympathetic system (and all of the somatic system below the neck 
as well) failed in any way to alter the emotional feelings of the patient. 

If the emotions are the consequences of the visceral aspects of emotional 
behavior, we should expect them to follow these changes whenever and 
however they are produced. But this is not the case. We have already 
seen that secretion or injection of ad renin evokes all the visceral changes 
characteristic of and common to fear, rage, and other strong emotional 
excitement. But Maranon and others (see Cannon, 1^27) have reported 
that injections of this substance into normal liuinan beings in amounts 
sufficient to evoke tliese changes did not produce an emotional experience. 
They merely gave rise to coldly perceived sensations of palpitation, of 
diffuse arterial throbbing, of oppression in the chest, of trembling, of 
chilliness, of nervousness. In certain cases these sensations were coldly 
reminiscent of previous emotional experiences in which such changes had 
occurred; the subjects described their feelings by such remarks as, “I feel 
as if afraid,” “as if moved,” “as if I had a great fright yet am calm.” 

Pertinent in this same connection is Cannon’s criticism (1927) of the 
James-Lange theory that the same visceral changes occur in such different 
emotional states as fear and rage and in such non-cmotional states as expo- 
sure to cold, hypoglycemia, asphyxia, and strong muscular exercise. All 
of these states rouse the entire sympathetic system to activity and so affect 
in a stereotyped way the viscera which are under sympathico-ad renal in- 
fluence. As Cannon states, the responses in the viscera are too uniform to 
offer a satisfactory means of distinguishing states which, in man at least, 
are very different in subjective quality. Physiological evidence thus com- 
pletely refutes the assumption made by Lange (see James and Lange, 
1922, p. 62) that the difference between the different emotions is to be 
explained by a difference in vasomotor reactions. James, at least in the 
final expression of his views (1894) did not expressly attempt to differen- 
tiate emotions on the basis of different bodily changes, and it would not 
be fair to employ this argument against his theory. He did, however, 
greatly emphasize the importance of visceral factors in the total reaction, 
which, he claimed, is the essential cause of any affective state. For ex- 
ample, when it was objected that laughing from tickling, and shivering 
from cold, give rise to mere local bodily perceptions, not to real mirth or 
an emotion of fright, he answered that in no such instance is “the repro- 
duction of an emotional diffusive wave complete. Visceral factors, hard 
to localize, are left out; and these seem to be the most essential ones of 
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all. I have said that where thej'’ also from any inwaid cause, are added, 
we have the emotion; and then the subject is seized with objectless or 
pathological dread, grief, or rage as the case may be.’’ In complete refu- 
tation of this is the demonstration (Cannon, Querido, Britton, and Bright, 
1927) that with shivering from cold alone there occur the very same 
visceral changes as occur in actual fright, and that the mure intense the 
shivering the more intense the visceral changes. In this non-emotional 
state and in others (e.g., running) the total reaction, including the visceial 
reaction, is the same as in fright and yet there is a notable absence of the 
emotion which the theory of James demands. 

2. Supporters of James’s theory cannot escape the logic of the evidence 
that visceral factors are inadequate to explain the genesis of emotion by 
affirming that sensations of the positions and tensions and movements of 
skeletal muscle constitute the felt emotion and vary to make the differentia 
of emotion. The following facts will show how untenable is such an 

assumption. ^ ^ . t rr* . 

In those cases of pathological laughing and crying described by Kinnier 
Wilson (1924, 1929) and already mentioned in this chapter, the apparent, 
visible emotion l)y no means always corresponds to the patient’s real feel- 
ings. Indeed these patients, whose emotional feelings aie quite normal, 
suffer greatly in mind from tlie contradictory expression of their real feel- 
ings. Laughing uproariously they may feel sad, weeping profusely they 
may feel hilarious. Such cases are numerous, interesting, and convincing. 
*‘With all the outward appearances of mirth anti hilariousness, and with 
concomitant activity of visceral mechanisms,” writes Wilson, *‘thc indivi- 
dual may not only not feel happy, but his state of mind may be in patent 
conflict with the apparent emotion.” ”It is clear,” Wilson continues, 
*‘that the James-Lange hypothesis must be materially modified if It is to 
be brought into line with observations such as have here been recorded, 
with no complete fusion between peripheral and cerebral components.” 

Other clinical evidence of a lack of parallelism between psychical and 
somatic elements in emotion is available. Wilson h^s pointed out the fre- 
quency of cases of facial emotional paralysis in which the patient readily 
feels and is acutely conscious of experiencing normal emotional states^ in 
response to the usual stimuli. 'There may be a mask-like expression behind 
which is experienced the full play of the emotions. A patient thus suffer- 
ing from complete absence of facial expressional movement “was very sen- 
sitive on this point, and termed it his greatest misfortune that he was 
forced to be joyful or sad without making any demonstration to his fellow- 
creatures.” But still more significant is the presence of normal emotional 
feelings in patients suffering from total or nearly total immobility of the 
skeletal musculature. Such is the condition in advanced stages of paraly- 
sis agitans with rigidity, in terminal arthritis deformans, in the terminal 
stages of tabes, and in certain forms of progressive muscular atrophy. 
Dana (1921 ) remarks that in his experience such patients have normal sub- 
jective emotional reactions. This neurologist also reports the case of a 
woman who, as the result of a fracture of the neck, suffered complete 
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paralysis of the skeletal musculature of trunk and all four extremities with 
complete loss of cutaneous and deep sensibility from the neck down. She 
lived for nearly a year without change in personality or character, showed 
and felt emotions of grief, joy, displeasure, and affection. It mav be added 
that the possibility of an emotional discharge of sympathetic impulses was 
eliminated. Such cases are not uncommon. We may say with Dana 
that it is difficult to understand, on the theory of James, why there is no 
change in them emotionally. 

The clinical studies of Head (1920) have thrown much light upon the 
conditions underlying the production of fccling-tone. He has described 
and studied many cases of unilateral lesions of the thalamus, in which the 
characteristic symptom is “a tendency to react excessively to all potentially 
affective stimuli.” The thalamus, it must be understood, is the great sen- 
sory ganglion of the brain-stem; it receives and forwards all sensory im- 
pulses (except olfactory) destined for the cerebral cortex. H^halamic 
lesions may thctefore cause deficiencies in sensation. But they also have the 
effect just noted. This is explained by Head as due to the fact — and there 
is adequate evidence for it — ^that a part of the thalamus, “the essential 
center of the thalamus,” has the ability to add to affective experience, that 
this function is normally under the inhibitory influence of the cortex and, 
when released from cortical control by a lesion which interrupts cortico- 
thalamic fibers, induces an excessive affective response to certain stimuli. 
Under such circumstances, pin-pricks, painful pressure, immoderate heat 
or cold, all produce far keener discomfort when applied to the body on 
the side of the lesion; also agreeable stimuli, such as moderate warmth, 
may evoke intense pleasure when applied to the damaged side. Again, 
these cases have an excessive sensory reaction to ordinary emotional stim- 
uli. A woman, very appreciative of certain kinds of music before her ill- 
ness, found that while ordinary sounds left her cold any music capable of 
stirring her emotions induced disturbing sensations over the afflicted side 
of the body. Another patient had to keep away from church because the 
singing of hymns evoked unbearable agony on the damaged side of the 
body. These cases show that the feeling-tone of any sensation is a prod- 
uct of thalamic activity. Now it is highly significant, as Cannon (1927) 
has pointed out, that in these patients “sensations which underlie the ap- 
preciation of posture are entirely lacking in feeling-tone.” Hence, the 
afferent impulses from skeletal muscles which adherents of James's theory 
have relied upon to provide the extra-visceral part of felt emotion are the 
very ones which lack the quality to serve the purpose. 

The real and essential quality of an emotion is to be found neither in 
sensory returns from the viscera nor in those from skeletal muscle. Fur- 
thermore, the fact that in non-emotional states (exposure to cold, muscu- 
lar exercise) bodily activity as a whole is the same as in states rich in 
emotional feeling (fright, anger) makes it very difficult indeed to attrib- 
ute the emotion to the total reaction. The theory of a peripheral source 
of emotional experience is thus opposed by overwhelming experimental 
evidence. The most that can be said for it is that bodily reverberations 
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may add slightly to, and so reinforce, the central processes wliioh 
lie emotional consciousness, and that \isceial changes m:u, i)\ pr(#cess 
of association, lead to a calm, non-emotional recall ot prexious eraotioual 
experiences. 

A Theory of Emotion Ba^ed on Diencephdln Process As we haxe 
seen, every relevant experimental fact points away from the penpliery 
and directly toward the brain as the site of the processes which der(M'rninc 
whether or not a stimulus shall give rise to emotional feeling. What is 
the nature and the locus of these all-important central processes? 

Cannon (1927, 1931) and also Dana (1921) have proposed tlie rheor) 
that emotion results from the action and reaction of the cerebral cortex 
and the diencephalon. This theory, unlike the James-Lange theory, has 
considerable experimental support and takes into account anatomical and 
physiological facts ignored by the older view First of all, there is the 
evidence that at the base of the diencephalon arc located the neural pat- 
terns responsible for emotional behavior, mechanisms capable of inde- 
pendent discharge but normally held in check by the cerebral cortex. At 


the same time the cerebral cortex is the immediate site of emotional con- 
sciousness, and, as we have seen, emotional cxpcii(jncc and emotional 
expression may be dissociated by disease or suigical intervention. But 
we know that thalamic processes arc a sou ice of affective experience, that 
bodily sensations such as are sometimes associated with emotion may be 
thalamic in origin. Well-established anatomical facts show that, vxitli 
the possible exception of the olfactory,-''’ all sensory impulses are inter- 
rupted at the thalamic level before gaming the cercbuil cortex, and Head’s 
(1920) studies suggest how there may be regrouping of corticopetal 
impulses in the thalamus. Cannon’s theory has its basis in these facts 
and it proposes that, at the same time that the <lienccphalon discharges 
downward the motor impulses which produce the emotional behavior, it 
discharges upward to the cortex impulses which throw into action the 
processes which underlie emotional consciousness. 

The neural events which, on this new theory, occur in emotion are 
outlined in Figure 4. The sensory impulses set up by an emotional 
stimulus start from R and, following path 1, reach the thalamus where 
they may directly excite the (hypothalamic) mechanisms involved in emo- 
tional expression and so cause a downward discharge of definite pattern 
to effector organs by path 2. Or, after undergoing regrouping, the affer- 
ent impulses may pass on by path T to the cerebral cortex where they 
may arouse conditioned responses which, in turn, excite the efferent di- 
encephalic mechanisms by means of a release of cortical inlubition (inac- 
tivation of path 3). Thus tlie downward discharge of impulses froxn the 
motor part of the dicnccphalon may be provoked either by sensory im- 


Altbough olfactory impulses^ reach the cortex from the reflex olfuct<»ry area 
without passing through the diencephalon proper, there are indirect paths from 
this area to the thalamus through the mamillo-thalaniic tract and the habenular 
connections (Herrick, 1931). 
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Diagram of the Connections in the Thalamic Theory 
Rf receptor; C, cerebral cortex; F, viscus, Sk M, skeletal muscle; Th, thalamus; 
P, pattern. The connecting lines represent nerve paths, with the direction of 
Impulses indicated in each instance. The cortico-thalamic path 3 is inhibitory 

in function. 

(From W. B. Cannon’s “Again the James-Lange and the Thalamic Theories of 
Emotion,” Psychol Rev., 1931.) 

pulses to the thalamus or by a release of cortical inhibition or 
by a combination of both events. Coincident with the downward dis- 
charge there occurs an upward discharge of impulses over path 
4. On reaching the cortex these impulses transform the ^^object-simply- 
apprehended*’ to the “object-emotionally-felt.” From this it is clear that 
Cannon theory is in perfect accord with the view of James that emotion 
is a quale added to simple perception. But, while James attributed the 
“object-emotionally-felt” to the feeling of bodily changes, Cannon con- 
siders that ^^the peculiar quality of the emotion is added to simple sensation 
when thalamic processes are aroused'/ or, in terms of Figure 4, when the 
cortex is affected by a diencephalic discharge over path 4. 

It is important to note that Cannon has not suggested that the dien- 
cephalon is the “seat of the emotions,” in the sense that this subcortical 
station contains the neural mechanisms underlying emotional consciousness 
as well as those which discharge the motor impulses that produce emo- 
tional expression. Failure to comprehend this point which was plainly 
expressed in Cannon^s original presentation has led Newman, Perkins, 
and Wheeler (1930) to misunderstand and so to l|riticiz;e the “thalamic 
theory.” In their critique, which Cannon has recently answered (1931), 
these writers exhibit an inability to discriminate between emotional he- 
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havwr and emotional experience; they disrei^ard the force of the evidence 
that one of these two aspects of emotion may occur independent!}^ of the 
other; and they most erroneously ascribe to Cannon the view that ihe 
thalamus exercises a discriminative function. In fact, Cannon specihcallv 
stated (1927, p. 123) that the diencephalic patterned processes, like glan- 
dular and muscular responses, can be controlled by processes in the ceiehral 
cortex — processes conditioned by all sorts of previous impressions. When 
an originally indifferent stimulus becomes an emotional stimulus, that is 
to say, when it acquires the property of eliciting diencephalic discharge, it 
does so by virtue of the discriminative powers of the cortex. The latter 
organ, as indicated in Figure 4, receives sensory impulses from R over 
paths 1 and V and controls the reaction patterns in the diencephalon over 
the inhibitory path 3. Ordinarily this path holds the lower level in check. 
Unconditioned emotional stimuli, if adeiiuate, are capable of directly ex- 
citing diencephalic discharge in spite of cortical inhibition, a case in 
point being the elicitation of rage in a normal cat by restraint. But when 
the emotional stimulus is a conditioned one such as perception of a person 
or animal who has repeatedly subjected the cat to this experience, the cortex 
exercises its discriminative function by releasing the diencephalic rage 
mechanism. In the case of decorticate animals and lightl} anaesthetized 
persons not only may the unconditioned rage reaction occur, but, because 
of the absence of cortical inhibition, it tends to be excessive and more readily 
evokable. 

Cannon (1927) has pointed out how well the new theory fits all the 
known facts. It accounts for the coincidence of the bodily changes and 
the emotional experience and so explains how James and Lange could 
reasonably make the suggestion which they did. It explains how the as- 
sumption of an attitude does sometimes help to establish the emotional 
state which the attitude expresses, for then the normal cortical inhibition 
of the lower neurons with reference to that attitude is abolished so that 
they are already released when a real emotional stimulus acts. On this 
theory are readily explained the cases of unilateral release of the thala- 
mus from cortical control with accompanying ipsilateral intensification of 
emotional tone. But, as Cannon has urged, such cases present an insur- 
mountable obstacle to the James-Lange theory, for the viscera cannot 
function by halves, these patients do not engage in one-sided expression of 
their emotions, and the impulses sent back from the disturbed periphery 
are bilateral ; the unsymmetrical feeling is due to the organ which is func- 
tioning unsymmetrically — the diencephalon. When disease has made the 
expression of emotion impossible by destroying the motor innervation 
from the diencephalon, there may remain, as we have already scen,^ the 
possibility of emotional feeling. That feeling must be central in origin, 
and on the proposed theory it is occasioned by afferent^ impulses^ from an 
intact thalamus. But when the diencephalon is widely involved in a mor- 
bid process, as in the cases of Fulton and Bailey, both the expression and 
the feeling disappear together. 

The greatest service this new theory can do is to divert the experimen- 
tal study of the emotions from the periphery to the brain. 
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CHAPTER 7 


EMOTION: 11. THE EXPRESSIONS 
OF EMOTION 

Carney Landis 

New York State Psychiatric Institute 

Emotion: The sum total of the experiences during any period in which 
marked bodily changes of “feeling,” “startle,” or “upset” take place. 
Feeling: (1) Experience less vivid than emotion. (2) The report of 
vaguely perceived kinaesthetic and organic sensations. (3) A general 
attitude which favors either positive or negative reactions to possible future 
stimuli or situations. 

Startle: Poorly coordinated responses elicited by stimuli not reacted to 
by the organism in its immediate past and which occur suddenly. The 
term will be used to denote the behavior usually called “surprise,” “start,” 
or “shock” but without the mental connotations of these words. 

Upset : The condition of an organism brought about by a series of stimuli 
which cannot be reacted to adequately, with consequent dissociation of 
neural function and of various behavior patterns which are usually in- 
tegrated. 

Expression X Any change in an organism which may be said to be a cri- 
terion of, accompaniment of, or part of, a reaction system. This change 
must be noted by a second organism or by some recording or measuring 
instrument before it may be truly considered as an expression. 

Aifect or Affective Experience: A general term used to denote any 
variety of emotional experience or emotional concomitant. 


Three methods have been available for the experimental investigation of 
emotion: (1) the study of the expressions which accompany — or are — 
the emotion, (2) descriptive and introspective reports of the experiential 
phenomena of “mental life” which are characterized by feeling, and (3) 
the investigation of the action of the nervous system and of the endocrine 
glands. Of these methods, one may say that the first has furnished the 
greater mass of factual material, the second is the earliest historically but 
has been the least productive, while the last is the more fundamental since 
it is from neuro-endocrine physiology that psychology must draw many 
of its ultimate explanations of emotion. 

The major portion of this chapter will be given over to the direct 
consideration and evaluation of our present knowledge concerning the 
expressions of emotion in the narrow sense of the term. The material which 
is available on the description of affective processes of mental life will be 
considered briefly under the heading of “Feeling.” The neuro-humoral 
basis of emotion has been taken up in Chapter 6 and will be discussed 
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in the present chapter only when it may be considered as a part of the 
expressive mechanisms. 

Criteria 

How do we recognize an emotion when we see it? What are the 
marks which characterize one expression as “emotionaF’ and another as 
‘^language” ? Is such recognition innate or acquired ? What are the valid 
criteria of emotion or of the expressions of emotion? Can any reaction 
which is reported to have been pleasant or unpleasant be classified as 
emotional or as an affective experience? Is emotion an entity of itself, 
either in the sense of a pattern or series of patterns of physiological func- 
tions of a specific variety, or in the sense that it is a unique experience 
of mental life? Anyone who gives the matter some thought can easily 
add a dozen or more such questions which should have some sort of 
answer in the systematization of our knowledge on this subject. Many 
such questions have been answered by experiments. The answer to others 
depends at present upon rational deduction. Still others have not as yet 
found a satisfactory answer. 

The behavior of the human infant indicates that the recognition of 
emotional expression is not present at birth but develops very rapidly, as 
if there were some innate tendency awaiting only maturation and direc- 
tional stimuli. The development of language habits from the random 
verbalizations of the infant is probably very closely analogous to the 
development of the ability to recognize and to use expressions of emotion. 
This seems to be less and less true as one goes down the animal scale. 
Lower animal forms do not seem to react differentially to expressions but 
only to the direct application of stimuli of a nocuous or benign character. 

Socially, the recognition of expressions of emotion is clearly of an 
acquired nature* This acquisition is in the nature of a language mechanism. 
That is, the recognition is learned just as verbal speech is learned. Some 
individuals become quite adept at one or the other; others do not. The 
expressions themselves, so far as the facial responses are concerned, are 
usually learned responses. Just as one learns to say *^Ouch” or *^Oh” 
in response to injury or surprise, so the expression accompanying the 
verbalization is usually a learned response. The entire question of dis- 
tinction of acquired expression from native or innate expression of emotion 
is one which is not clearly defined or definable. 

The expressions called emotional are diverse and include any portion 
of the body which is capable of reacting or having part in a reaction. 
Some of the more common reactions which have been considered expres- 
sions of emotion are facial expressions, blushing or flushing, certain pat- 
terns of bodily movement, certain types of verbal responses, laughing and 
crying, changes in the secretion of sweat, blood pressure, blood volume, 
respiration, changes in the activity of the gastro-intestinal system, varia- 
tions in metabolism, changes in the balance between the secretions of the 
endocrine glands, variations in balance between portions of the nervous 
system, electrical responses of the skin, and so forth. 
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Facial Expression and Vocalization 

Historical?- The earliest systematic study of facial expression is that 
of physiognomy. Physiognomy was originally a twofold science: (1) a 
mode of discriminating or predicting character by the outward appearance, 
and (2) a means of classifying form and feature. The first of these uses 
is usually considered as outside of the scope of modern science. The first 
systematic treatise on the subject is that of Aristotle, who considered the 
method, the general signs of character, the particular appearances charac- 
teristic of the dispositions, of strength and weakness, of genius and stupid- 
ity, etc. The practice of physiognomy was one of the foremost branches 
of intellectual interest through all the Dark and Middle Ages. Treatises 
showing shrewd observation mixed with mysticism and pious teaching 
are to be found in the extant literature of those days. Physiognomical 
speculation is best characterized by the works of Lavater (1879). He at- 
tempted to mix piety with character observation and shrewd deductions 
as to the relationship existing between physique (physiognomy) and charac- 
ter or personality. His observations, though interesting, are of no scientific 
importance. 

It remained for Darwin to furnish an hypothesis and systematiza- 
tion on which it has been possible to carry out experimental work. In 
1873 Darwin formulated three principles for the systematic explanation 
of most, if not all, of the expressive gestures involuntarily used in emotion 
by man and the lower animals. These principles are as follows: 

1. The Principle of the Serviceable Associated Habits, Complex 
movements which may, under certain circumstances, be directly or in- 
directly useful are retained after the use has passed. The peculiar 
‘‘pawing’^ movements of the cat's forefeet when it is pleased are relics of 
the purposeful use of the same movements to start or increase the flow of 
milk from the mammary glands of the mother. Such movements were as- 
sociated with a pleasurable and satisfied feeling and tend to recur when 
such a feeling recurs. Wundt considers that this is but a special case of 
Darwin's third principle {q.v,), 

2. The Principle of Antithesis, Darwin states: 

Every movement which we have voluntarily performed throughout 
our lives has required the action of certain muscles; and when we 
have performed a directly opposite movement, an opposite set of 
muscles has been habitually brought into play. ... So when actions 
of one kind have become firmly associated with any sensation or 
emotion, it appears natural that the actions of a directly opposite 
kind, though of^ no use, should be unconsciously performed through 
habit and association under the influence of a directly opposite sen- 
sation or emotion. 

Thus, impotence is expressed by raised eyebrows, shrugged shoulders, and 
open palms; these being antithetical to the frowning brow, thrown-back 
shoulders, and the clenched fists, symbolic of rage and power, 

3. The Principle of the Direct Action of the Nervous System, The 


^Modified, in part, from Titchener (1920). 
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sudden release of a large amount of nervous energy in startle demands 
unusual outlets from the central nervous system. This overOow takes 
place according to the innate connections within the brain. The results 
are shown in a general disturbance of organic functions due to the excit- 
ing or inhibitory effects of this irradiation of energy. By this principle 
are explained such phenomena as the muscular tremor in fear or excite- 
ment and such movements as the clapping of the hands in joy. 

Wundt (1903), like Darwin, has three principles of systematization: 

1. The Principle of Direct Change in Innervation, This is but a 
different wording of Darwin’s third principle, involving the hereditary 
transmission over certain nervous connections, as in the reflex of weeping. 
The transmission of a characteristic family physiognomy or general ex- 
pressive attitude is very common; and we invariably argue from the 
physical similarity to a similarity of mood, even though there may be no 
direct possibility of imitation of the parents by the children. ^ 

2. The Principle of the J itsociation of Analogous Sensations of similar 
feeling-tone which mutually reinforce. This process forms the basis of 
the most characteristic of all emotional expressions, the “mimetic move- 
ments.” These are physiologically conditioned by reflex movements in and 
about the facial sense-organs; thus the expression which stands for “bitter^* 
is an arrangement of the parts of the buccal cavity most sensitive to bitter 
in such a way as to prevent their excessive stimulation by the unpleasant 
taste. The “sweet” expression, on the contrary, is that calculated to favor 
the continued stimulation of the tip of the tongue, the part most sensitive 
to sweet substances. By virtue of the second principle, these reactions 
have come to appear in response not only to an actually bitter taste, but 
also to an emotional condition which possesses the same general feeling- 
tone. A wry face may denote a mental as well as a physical pain. 

3. The Principle of the Connection of Movement with Sense Ideas 
explains facial expressions and gestures which are not included under the 
two previous principles. Here belong movements of the arms and hands, 
the clenching of the fists in anger, and also certain facial expressions such 
as the curling of the lip in scorn and the staring eyes of surprise. ITe 
principle is closely allied to Darwin^s first. It is not to be thought that 
any complex expression of emotion must be explained by a single principle. 
Such phenomena as laughing and weeping demand the use of all three 
principles for their elucidation. 

James (1890) proposed five principles: (1) The weakened repetition of 
movements which formerly were of utility to the subject. This is 
equivalent to Darwin's first proposition. (2) The principle of reacting 
similarly to analogous-feeling stimuli. This is identical with Wundt's 
second principle. (3) The principle of weakened repetition of movements 
which under other conditions were physiologically necessary effects. 'Fhe 
respiratory disturbances of anger and fear, e.g., may be considered as 
“organic reminiscences of the blowings of the man making a series of 
combative efforts, of the pantings of one in precipitate flight.” (4) ITe 
principle of the mechanically determined idiopathic effects of the stimulus, 
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i,e., the physiological overflow of nervous energy through the easiest drain- 
age channels (cf. Wundt’s first and Darwin’s third law). (5) The 
principle of the mechanical perpetuation of emotional reactions which may 
be called accidental as far as their origin goes. For some of our emotional 
reactions no plausible reason can be conceived. “In fact, in an organism 
as complex as the nervous system there must be many such reactions, 
incidental to others evolved for utility’s sake, which would never them- 
selves have been evolved independently for any utility they might possess.” 

In conclusion, it may be said that no one of these explanatory series of 
principles is logically complete. There is need of further observation, and 
perhaps for the construction of a new set of principles upon the basis 
of the psychology of action rather than emotion. 

It might be well to note here that there is a very pertinent criticism of 
Darwin’s, Wundt’s, or James’s descriptions of expressions of emotion which 
are based on folk psychology or the study of the various races of mankind. 
The reports on which these principles are based were made for the most 
part by individuals trained in the habits of our Western culture; that is 
to say, their methods of observation and perception as well as of interpreta- 
tion were those of Western European culture, and hence the expressions 
would be reported and interpreted in Western terms. 

Anatomy and Physiology, In 1806, Sir Charles Bell published the first 
edition of his Anatomy and Philosophy of Expression, This treatise pro- 
vided the first basis for the scientific investigation of facial expression. 
Bell developed the notion that the expressive reactions of the face were 
dependent upon the anatomical relationships of the facial muscles so that 
expression was limited in its scope by the anatomical structure. His ideas 
of the nature of emotion and the expressions of emotion are forerunners 
of Darwin and of James in that he insists on the bodily expression as a 
basic fact of emotion and takes up in detail the changes in respiration, 
circulation, and the like, which have been the subject of so much subse- 
quent experimental investigation. Duchenne in 1862 published Mecanisme 
de la Physio nomie Humaine, This work is basic for the physiological 
study of facial expression. Duchenne’s method was that of stimulating 
each muscle or muscle group of the face directly by means of a galvanic 
current, so obtaining expressions, many of which had been viewed as com- 
plicated responses. The resulting reactions were photographed and, from 
the examination of the picture^ the thesis was developed that expression 
depends primarily upon the activity of single muscles. 

Frappa (1902) has formulated an opposing view to that of Duchenne 
which has been very interestingly developed by Dumas (1923, pp. 606- 
732). Frappa’s contention was that facial expression may be reduced to 
three fundamental expressions, namely, astonishment, grief, and joy. From 
these three expressions he believed that one could synthetically build up 
^ost, if not all, other facial expressions. Dumas has reworked the 
hypothesis of Frappa and shown in a most suggestive fashion that the 
three elementary expressions are easily explained in terms of direct neural 
function. The expression of startle (astonishment) Dumas considers to 
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be due to the sudden tonic contraction of facial muscles and particularly 
of the masseters and the orbicular muscles of the e 5 ^es, giving^ rise to the 
expression termed ''surprise.” The expression of joy is explained by the 
raising of the tonicity of the entire body, including that of the face. Hence 
joy may be said to be the pattern of heightened facial tonus.^ Grief is 
considered as the opposite of the tension of joy; that is, the facial muscles 
are relaxed and the balance of forces between the stronger (heavier) 
muscles as compared to the weaker muscles results in the expression called 
grief. 

The evolution and comparative anatomical development of facial ex- 
pression has been compiled by Huber (1931). He has investigated the 
anatomy of facial musculature throughout the main lines of the develop- 
ing animal forms, showing how possible expressive mechanisms have de- 
veloped. The role played by each muscle group and its functional rela- 
tionship to other groups is demonstrated. The work illustrates how 
complicated these expressive reactions are and the futility of relating ex- 
pressions to single muscles, as Duchenne attempted to do. From a 
psychological point of view Huber’s work is unsatisfactory, but it does 
demand a reformulation of psycliological views. 

Interpretation of Facial Expj'cssion, One may find, not only in the 
older literature but also in very recent texts of psychology, elaborate 
systematic classifications of expression or of emotion. (Usually the dis- 
tinction between expression and emotion is a vague one at the best.) These 
classifications or dictionaries are of value in calling attention to the di- 
versity of reactions of the face. Indeed, they seem to indicate that the face 
is second only to the vocal mechanism in its ability to give finely dif- 
ferentiated reactions. It remains to be seen whether or not such an as- 
sumption is based upon fact. 

The acquisition of the ability to interpret facial expression has^^been 
studied by Gates (1925). She exhibited a series of posed photographs 
which depicted the traditional expressions of emotions to groups of children 
of different age levels. The children were asked to name the expression 
portrayed by each photograph. She found that the success which a child 
has in assigning such a name is closely correlated with his age but that at 
best the interpretative process was far from perfect. In general,^ the ex- 
periment shows that this perceptual discrimination of differences in facial 
expression is a learned social response of the individual. 

The work upon the interpretation of photographs which had been 
posed as expressions of emotions was initiated by Miss Feleky (1914). She 
posed for a series of pictures which she hoped would run the entire range 
of expression and which various judges would agree were typical expres- 
sions of this or that emotion or emotional situation. She found that the 
expressions of disgust, sneering, and breathless interest were judged cor- 
rectly more often than any others, while those of suspicion, religion, anger, 
fear, hate, and rage were judged very poorly. Several years later Lang- 
feld (1918) tried a similar experiment making use of an artistes sketches of 
posed emotional expressions. He found that laughter could usually be 
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interpreted correctly; that fear and anger weie confused; that surprise 
and suspicion were confused; and that the contempt-scorn group was 
judged more correctly than any other expression. His subjects reported 
that the use of kinaesthetic imitation and imagination of the situation aided 
in the labeling of the photographs. A check on the leliability of this ex- 
periment was obtained in a second study in which positive and negative 
suggestions were given to the judges. Individual suggestibility of dif- 
ferent subjects was found to color the results, but in general it was shown 
that positive suggestion was a distinct aid, while negative suggestion inter- 
fered markedly with all judgments, indicating that each judge had a 
clear sense of distrust of his own judgment. Ruckmick, Allport, Guilford, 
and others have carried out somewhat similar experiments and have ob- 
tained essentially the same general results. 

During the past five years four experiments have been reported on the 
question of the interpretation or judgment of facial expression. Each of 
these experiments has been conducted from an independent viewpoint and 
the comparison of the results obtained is quite interesting. Frois-Wittmann 
(1930) posed for a series of photographs which he felt depicted various 
emotional expressions. From these photographs he constructed drawings 
of various portions of the face combined in various ways. These syn- 
thetic expressions, together with the photographs, were presented to dif- 
ferent groups of students who were asked to name the emotion or feeling 
portrayed. He analyzed the results in an entirely new fashion. The 
various characterizations were tabulated for modal usage and for secondary 
or tertiary modes. In this way he was able to show the relationship 
existing between various names assigned and the relation of these name 
groups to the various groupings of musclar involvement. He concludes 
from this work that, while most of the possible muscular involvements 
were present in practically all of the expressions, there was, nevertheless, 
a unique and distinctive pattern of these involvements for each modal 
‘^judged expression.’^ There were frequent disagreements between the 
judgments of the face and of its separate features, and also between the 
judgments of the separate features; but analysis of the individual pictures 
indicated that those elements that were in agreement combined to charac- 
terize the expression of the whole face to which the elements in disagree- 
ment became assimilated. He found that the significance of a given 
muscular involvement was not constant but was relative to the rest of 
the pattern. 

Making use of the Feleky photographs, Kanner (1931) made a study of 
the spontaneous judgments or names which would be assigned as appro- 
priate for the expression. He compiled a very interesting analysis of the 
semantic and etymological derivation of the words which are used in 
description of the emotions or emotional expressions. The names which his 
judges assigned were classified and compared on the basis of this compila- 
tion. Such a procedure seemed to show that there is a possibility of cer- 
tain common factors which might be interpreted as rather vague and ill- 
defined patterns of response. He also devotes some attention to the fact 
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that the interpretation of the expression depends upon a wide variety of 
factors which have not been sufficiently considered in previous studies. 

Landis (1929) presented a f^roup of students with photographs of facial 
expression which had been taken under conditions which were characterized 
by the person who had been photographed as emotional and to which that 
person had been able to assign a verbal report which characterized his 
feeling at the approximate time the picture was taken. Landis gave the 
judges a list of possible emotions which might be portrayed and a list of 
situations which might give rise to these expressions. The judges were 
asked to assign to each photograph the best name for the emotion portrayed 
and the name of a situation which they thought w^ould give rise to this 
expression. His results show that it is practically impossible to name cor- 
rectly a photograph taken in an emotional situation, either as to the emo- 
tion being experienced by the subject or to the situation which might 
give rise to the expression. It is to be emphasized that he was using actual 
photographs obtained in emotional situations and not posed photographs. 

Approaching the problem of expression from the standpoint of the 
Gcstalttheone, Arnheim (1928) made use of portraits and of silhouettes 
which he asked subjects to give charactcrological ratings. In part of his ex- 
periments he limited this rating by suggesting various possible answers. 
In other experiments he allowed the subject to judge without suggestion 
of any sort. Arnheim found marked individual differences in the way in 
which various subjects interpreted the material. Errors \vere often due to 
wrong attitudes, extraneous criteria, consideration of only one part of the 
object without realizing its relationship to the whole, and to certain am- 
biguities in the questions which were addressed to the judges. Allowing 
for these mistakes, Arnheim feels that this type of experiment is easy for 
the person who judges from his impressions and is not hampered by pre- 
conceived theories or directions. The free description of character or 
expression (not limited by directing or stiggestive questions) gives more 
descriptive and correct results than when judgments were hedged about 
with directive material. In general, his work indicated that keial ex- 
pression is estimated not on the basis of any single trait or feature but on 
the basis of the entire configuration or gestalt- Very frequently the alter- 
ing of a single portion of a silhouette led the judge to report an entirely 
different estimate without even noticing that most of the features were 
identical to those of a previous judgment. The interpretation of the ex- 
pression did not seem to depend on the analyzable features of the face 
but almost always was based on the face in its entirety. 

These new experiments constitute a distinct advance in our knowledge 
in this field. In the first place, the interpretation of expression, whether 
that expression is ^'sociaF’ or ^^emotional/^ depends almost entirely upon 
the entire configuration. Presenting a photograph showing only the face, 
and asking for judgment or description of the face, is after all an almost 
wholly artificial procedure. Arnheim showed that when he furnished, 
along with his portraits, samples of writing or lists of literary productions 
such material added to the completeness of the description. The notion 
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that there are patterns of facial reactions in the social expressions of 
emotion or feeling receives partial substantiation in the work of Frois- 
Wittmann and of Kanner. The patterns are not clear-cut or exact and 
they are partially dependent on patterns of language, but there is evidence 
to support the common-sense belief that such facial arrangements do exist. 
The patterns are only partially analyzable and are perceived better on an 
impressionistic basis than on the basis of a careful study. Personally, I 
believe that the results of Guilford’s (1929) study, which showed an in- 
crease in the ability to read expressions from photographs after practice or 
training, were probably due to the remembering of nam-es which were 
said to be correct and which were told to the subject during the learning 
process rather than to an increase in descriptive accuracy. Lastly, there 
is no evidence so far which would indicate that the expressions used in 
situations of stiess, which are characterized as emotional, are to any great 
extent related to the social expressions which have been studied by various 
writers. These social expressions may, and probably do, possess certain 
patterns. It still remains to be demonstrated that such patterns of reac- 
tion of facial muscles occur in emotion and if they do occur that they 
agree with the social expressions of emotion. The work of Landis seems 
to demonstrate this point so far as static photographs are concerned. He 
has pointed out that a different conclusion might be found if use were 
made of motion pictures, but unfortunately the work of Sherman fails 
to give any very marked support to this hope. 

The study of emotional expressions in real situations of everyday life has 
never been satisfactorily carried out under controlled conditions. Mante- 
gazza (1904) has published vivid descriptions of the behavior of criminals 
on the way to execution, maniacal lunatics, and other individuals under 
the influence of intense emotion. His descriptions were thoroughly 
qualitative and follow the traditional literary lines of description. It is 
theoretically possible to make a study of the expressive reactions of a 
group who have been cinematographed during some situation of high af- 
fective value, but the research still waits the doing. 

McKenzie (1905) has made some very interesting studies of facial ex- 
pression of athletes during strenuous competition and after partial col- 
lapse from such competition. He bases his work on photographs which 
were reproduced in sculptuie. The expressions are marked by extreme 
tonicity of the face in strenuous situations and in collapse and by the 
blankness of lowered muscular tonus. 

Experimental Studies of Facial Expression. Landis {l92Aa, 1924^) 
has conducted several experimental studies of facial expression. In the 
first of these he was chiefly interested in the recording and analyzing of 
the expressions of persons subjected to a controlled series of situations of 
a more or less emotional nature. The expressions were recorded both by 
photograph and cinematograph. The first of the studies showed that 
there was a great deal of variability in the expressions obtained. So long 
as the expressions were those which accompanied a mild degree of stimula- 
tion, they closely approximated the reactions traditionally considered appro- 
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priate to the situation. When several of the subjects who had been very- 
expressive in the original situations were a^ked to return and to endeavor 
to reproduce the expression which they believed that they had given in the 
original situations, it was found, in general, that these attempts resulted 
in the purely traditional expressions rather than those which were actually 
obtained in the more severe of the emotional situations. 

A second study by Landis repeated in part the first experiment. Tlie 
situations were made more intense and real, so that there was little doubt 
that true emotion was elicited. About twelve hundred photographs of 
facial expressions of twenty-five subjects were recorded by means of a 
camera capable of following fairly rapid facial reactions. Records were 
obtained of blood pressure and of the respiratory ratio during the entire 
series of situations. The stimulation evoked in practically every subject 
emotional disturbance, while certain subjects showed signs of complete 
upset. 

These photographs were analyzed by a semi-objective determination of 
the amount of movement shown by the principal groups of facial muscles. 
The emotional expressiveness was determined by an estimate of the amount 
of movement of facial muscles and in terms of the subjective significance 
which the facial patterns conveyed to the investigator. It was found that 
each individual tended to use certain muscles or muscle groups (expres- 
sions) in practically all of his expressive reactions. There were marked 
individual variations in the expressive reactions so produced. In no situa- 
tion did the contraction of a muscle, group of muscles, or expression occur 
frequently enough to be considered significant. That is, there was no ex- 
pression typical of any situation in this experiment. Nor was any expres- 
sion typically associated with any verbal report of feeling or emotion given 
in this experiment. Some degree of smiling was the most common keial 
reaction, occurring in 34 per cent of the photographs. Aspimetrical ex- 
pressions almost never occurred as emotional expressions, he men in this 
experiment used more facial reactions than the women. 

When certain of the subjects were later recalled and asked to endeavor 
to reproduce the feelings or emotions (centrally aroused emotion) which 
they experienced in the original situation it was found that no expression 
or pattern of response characterized even these imagined situations or 
experiences. 

Ranking the amount of facial movement wliich accompanied the various 
emotions named in the verbal reports revealed that pain, surprise, anger, 
exasperation, crying, disgust, sex, and revolting gave decreasing amounts 
of expressive movements in the order named. That each subject had two 
or three facial patterns which he used in all situations and which con- 
stituted the vast majority of that individuaUs expressiveness is an interest- 
ing point bearing on a general theory of emotion. 

The emotional responses of infants have been studied by Sherman 
(1928). He used four types of stimulation; hunger, dropping, restraint, 
and pain. When motion pictures of these reactions were shown to students, 
he found that from twelve to twenty-five different emotions were named as 
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appropriate titles for the pictures. When nurses and medical students were 
shown three types of infant reactions resulting from dropping, restraint, 
or pain, without seeing the actual stimulation, the nurses named seven 
emotions and the medical students eight. If the pictures were accompanied 
by a knowledge of the actual stimulation the resultant reaction was judged 
with a great deal more unanimity than under any other conditions. The 
basis of judgment stated by the observers indicates for the most part that 
the differentiation was strongly influenced by the knowledge of the stim- 
ulus. This was further shown by an additional experiment in which the 
stimuli were attached in the motion pictures to reactions elicited by other 
stimuli. The interpretation of these falsified pictures indicated that the 
stimulus preceding the reaction shown was usually the deciding factor in 
the name given to the reaction. 

Sherman^s work indicates clearly that no reliance can be placed upon 
the judgments of either trained or untrained observers of the expressive 
reactions of the infant. If, as Watson (1924) and others have stated, 
anger, fear, and love are the three innate patterns of emotional response, 
then Sherman should have found a large percentage of agreement among 
the judges in the naming of reactions. Whether the reaction was named 
rage, fear, or love is of little import, but the judgments should fall into 
three clearly marked groups. This was not found. Sherman^s work shows 
that the differentiations of the responses of the infant are differentiations 
made when the stimulating conditions are known, and are accurate only 
when those conditions are known. 

The experimental investigations of the facial expressions of emotion of 
the adult or the bodily activity of the infant indicate that there is no 
pattern of expression (except smiling) which may be said to characterize 
any situation or emotion of any one individual or group of individuals. 
Practically all of the current theories of emotion demand that we should 
find such patterns, if not in the voluntary musculature, then in the visceral 
responses of the individual. 

Vocal Expression, The significance of the variation in vocal expression 
as a concomitant or part of emotion is older phylogenetically than is facial 
expression. Darwin classifies most of the vocalization of animals as emo- 
tional. The practical significance of variations in speech conveying emo- 
tional meaning, which may or may not agree with the words, is common 
knoveledge. There is surprisingly little experimental work available which 
classifies this behavior or explains the phenomena. Sherman^s (1928) 
experiment, in which a group of observers was presented with the cries of 
infants stimulated by hunger, dropping, restraint, or pricking with a 
needle, is of interest in this connection. These observers named twelve dif- 
ferent emotions which showed very little relationship between the name 
given and the qualitative nature of the stimuli, When a group of students 
heard only the cries of the infants, about 20 per cent of the judgments at- 
tributed the crying to colic. On the other hand, when a similar group of 
observers was presented with motion pictures of the reactions resulting 
from similar stimuli, not one judgment of colic was made. Evidently, the 
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crying was associated in the minds of the observers with the organic pro- 
cesses of the infant rather than with the emotions. The intensity and the 
duration of the cries were the determining factors in judgments of the ob- 
servers. The more intense the stimulating conditions the sharper was the 
ensuing cry and the longer was its duration. 

Gates (1927) has studied the development of the ability in school chil- 
dren of various age groups to interpret correctly the auditory element of 
expression. Phonographic records were made of the recitation of the alplia- 
bet in tones of happiness, unhappiness, anger, fear, surprise, etc. When this 
record was given before 627 children the following results w^ere obtained : 

, (2) an increase in the capacity for understanding with age, grade, 
and school experience; (3) a superiority in this test of the more intelligent 
over the less intelligent school children; .... (5) differences in the ease 
of interpretation of the types of auditoiy stimuli.’' 

Seashore (1928), by means of phonophotography, has anal>zed the pecu- 
liar attributes of music or speech w'hich are regarded as expressive of emo- 
tion and finds that the presence of vibrato (defined as a synchronous oscilla- 
tion of pitch and of intensity at a rate of from five to eight per second) in 
artistic singing and in speech gives the element which we commonly term 
emotional. 

Laughbiff and Crying. The development of smiling and laughter in 
the infant has been studied by Washburn ( 1929). She finds that smiling 
is shown from a very early age by most children. Smiling without specific 
stimulation was seen very rarely; the response seems almost always to be 
elicited by or in the presence of other people. Smiling, by the end of the 
first year, was a learned or conditioned response to a very marked extent 
indicating that in most instances the smile is of the character of the com- 
municative, adaptive, social response rather than a purely expressive one. 

Miss Washburn found that laughing, unlike smiling, appeared much 
later in the child’s life, usually after the twentieth week. Laughter was 
always the more stereotyped behavior throughout the first year of life. 
Individual differences between children were found to depend mainlv upon 
the frequency of smiling or laughter rather than on the form of the be- 
havior. In general, the work indicate.^ that, in origin, smiling and laughter 
are not always different degrees of the same behavior pattern. It seems that 
laughter is an expressive emotional pattern response even at its first ap- 
pearance. Smiling is either a social or an emotional expression depending 
upon circumstances. 

The treatment which Dumas has given to the problems of laughter and 
of crying is illuminating and will be followed in part in the discussion of 
this subject. There are, according to Dumas (1923), five major problems 
in connection with laughter: the problem of Its physiological mechanism, 
the problem of rire de la joie,^ the problem of rire du corniquef^ 
the problem of the connection between mental state and its outward ex- 
pression, and the problem of laughter as a social phenomenon. The 
physiological mechanism for laughter consists of fifteen facial muscles, 
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which are used in smiling, the respiratory muscles, the vocal mechanism, 
and, in extreme cases, other muscles throughout the body. 

There is a fundamental difference between the joyful laugh and the 
comic laugh. The joyful laugh is a sort of bubbling-over of good humor, 
very commonly shown by children. It is usually seen when some restraint 
is suddenly removed, as when children come out of school, when there is 
some sudden good fortune, or when old friends meet after a long separa- 
tion. The laughter caused by tickling is probably to be classed along with 
these. 

The comic laugh, on the other hand, is always a laugh at some joke or 
ludicrous situation, and it may represent an entirely different attitude from 
that which produces the joyful laugh. The nature and cause of this 
attitude has been a problem for philosophers ever since Aristotle. The 
question, “Why are things funny?’’ is as difficult as the question, “Why 
are things beautiful ?” According to Aristotle, laughter is due to the sud- 
den feeling of triumph which comes with the sudden perception of a su- 
periority in us, by comparison with the inferiority of others or our own 
former inferiority. When another person slips on a banana peel, or sits 
down on a non-existent chair, or commits a social blunder, we laugh be- 
cause of the instinctive feeling that, didn’t do that!” Hobbes restated 
the same general idea when he said that laughter is due to the “degradation 
of some person or interest possessing a certain dignity.” Examples of this 
are the dog in church, the wedding procession spattered with mud, or the 
fit of sneezing in the middle of a proposal of marriage. For Kant, laughter 
was due to the sudden relief of tension or expectation. We laugh because 
of relief of tension when a clown runs toward a horse as if to leap in the 
saddle at one bound but stops short to flick a microscopic speck of dust 
off the bridle. For •Schopenhauer, humor consisted in the sudden percep- 
tion of a discord between reality and our idea or representation of reality. 
We laugh at a monkey or a cartoon because it is such a pitiful imitation 
of a man. According to Bergson, humor consists in the fact that, in place 
of an intelligent and well-adapted reaction, some individual makes an 
unintelligent and poorly adapted reaction to a situation. Humor is an 
infinite variation on the theme mecanique plaque sur le vivant," The 
customs officer who asked the shipwrecked sailor if he had anything to 
declare, the short man who stooped to go through the high doorway, the 
pompous man who slipped on a banana peel, are all examples of this. 

The fourth problem connected with laughter is that of finding the con- 
nection between the mental state (sum total of implicit and explicit 
responses?) and outward expression. Given the feeling that a certain 
thing is funny, why should we express that feeling by working the muscles 
of the face? This is largely an unsolved problem and necessarily depends 
on the actual nature of the mental state. Spencer explains laughter as 
an outlet of surplus energy. This agrees with the theories of Hobbes and 
Kant but not very well with the others, Dumas suggests that when there 
is a sudden contrast or contradiction, especially when the contrast is a 
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descent from the greater to the less, the nervous eneigy stored up in the 
first case finds an unexpected outlet through laughter. 

With regard to the social aspect of laughter, Dumas calls attention to 
its contagious nature. We laugh far more easily in a group than when 
alone. Laughter, like facial expression, has become a kind of language. 
Sometimes we laugh merely to show others that we understand the joke. 
At other times it is a communication of real good will and the spirit of 
fun; usually, perhaps, both. We sometimes laugh for the pure joy of 
laughing. For instance, in certain situations the slightest stimulus will 
start us off and prolong the laughter out of all reason, as the contagious 
giggling of the school child or of a maniacal patient. 

Freud (1917) has advanced a theory of wit and of laughter which ac- 
counts for some of the difficulties of the connection between the muscular 
activity of laughter and the mental content of comedy. He states the 
theory as follows: fore-conscious thought is left for a moment in the 

unconscious elaboration and the results are grasped by the conscious percep- 
tion. Wit seeks to draw a small amount of pressure from the free and 
unencumbered activities of our psychological apparatus and later to seize 
this pressure as incidental gain.’’ The pressure of wit originates in an 
economy of expenditure of inhibition, the comic from an economy of ex- 
penditure in thought, and humor from an economy of expenditure of 
feeling. Freud evidently considers the expressions themselves as native 
reaction patterns since he fails to raise the question. His theory is con- 
cerned only with the mental content. 

The question of tears involves four problems: physiological, psychologi- 
cal, psychophysiological, and social. The physiological question is, as in the 
case of laughter, comparatively simple. The lachrymal glands, situated 
over the outer corners of the eyes, send their lubricating fluid over the eye- 
balls through four or five large, and eight to ten small, canals. These 
glands function continuously when the eyes are open, since the action of the 
air on the eyeballs stimulates them to reflex action. 

Tears (abnormal secretion of the lachrymal fluid) are produced in 
physical pain, grief, anger, extreme joy, and excess laughter. The common 
element in the psychological situation seems to be physical stress. Tears, 
in the infant, probably occur as a sort of by-product of the general bodily 
excitation. 

Tears, like facial expression and laughter, are used as language. Infants 
very early learn that crying often gets them what they want. Though the 
process is difficult to manage voluntarily, because it is originally reflex, it 
can be done. It is interesting to speculate whether other reflex glandular 
activities, such as the production of saliva or gastric juice, might have 
become language mechanisms if only they had been visible from the outside, 

Borgqmst (1906) made a study of grief and crying by means of a ques- 
tionnaire, scattered physiological data, and references from literature. He 
concluded that crying, in the last analysis, was a reaction which comes at 
the end of a period of stress where there has been strong effort and ex- 
hausted nervous energy. It is essentially a breaking-down of adaptive 
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mechanisms which are no longer adequate to meet environmental condi- 
tions, There are clearly two groups of symptoms which accompany dif- 
ferent moments of the crying act. The first are those active movements 
of ‘"calling,” as represented by the vocalization of the infant or child. 
The second group includes the facial expression, sobbing, tears, etc., which 
may be interpreted as withdrawing movements going back to a primitive 
rejection of food. 

Lund (1930, pp. 130-157) observed the situations which brought about 
tears in both normal and abnormal individuals. He concluded : 

Tears, when affectively produced, are indicative of a mixed emo- 
tional state. Neithei sorrow, dejection, joy nor elation, when oc- 
curring in pure foim, is very effective, if at all, in producing the 
discharge Typically, it appears when a depiessing or otherwise 
unpleasant situation gains a ledeeming featuie or when a period of 
tension with unpleasant stimulation is followed by pleasant or 
alleviating stimulation. 

This viewpoint is essentially the same as that of Borgquist except that 
it demands a realization of the relief. It is obvious that neither theory is 
a complete one as many varieties of crying are left unexplained by either 
theory. 

Jlie Relation of Facial Expression to Emotion, The investigations, to- 
gether with the rational deductions which have been considered thus far, 
lead one to the conclusion that facial expression is a more or less variable 
part of emotional experience. The presence or absence of pattern of ex- 
pression from the voluntary musculature of the face adds to or detracts 
from the entire emotional experience but is only one element in a group 
of forces and not a very important element at that. The important ele- 
ments in emotional expression are the situation and the level of activity of 
the body. Three patterns of facial expression — surprise, joy, and depres- 
sion — result from the condition of the facial musculature as direct responses 
to the stress of the situation. The particular character of tlie expression 
is, to the best of our present knowledge, dependent on the survival of 
primitive connections within the nervous system. It is possible that early 
in animal evolution the baring of the teeth and the opening of the mouth 
in periods of emergency was of survival value and that this particular con- 
nection has persisted. Still another possible explanation lies in the fact 
that the nuclei of the seventh or facial nerves are located in the midbrain 
in close approximation to the centers of organization of affective response. 
This proximity might conceivably lead to the use of the face as an over- 
flow mechanism in the draining-off of nervous energy expended in affective 
experience. 

Bodily Activity and Emotion 

The question of the activity of the entire body in affective experience is 
an exceedingly complicated one. The analysis of behavior in the adaptive 
activity of the organism brought about by an emotional situation shows 
that it is so highly complicated that any attempt to make a simple or 
orderly behavior classification can meet with but little success, Carr 
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(1917) has pointed out that the bodily responses in emotion should be con- 
sidered under three heads: (1) the act, which refers to the processes of 
adaptation to the objective situation, (2) the emotion, which refeis to those 
activities which increase the effectiveness of the act, and (3) the remaining 
processes, which constitute the by-products of the emotion or the act. He 
goes on to show that there is no coordinate fourth group of processes which 
may be termed expressive activities or expressive responses of emotion for 
the body as a whole. 

Even though there are no well-marked patterns of bodily responses in 
the adult human, it seems plausible that such responses might be found in 
animals or in the infant. Darwin’s studies, which have been mentioned 
above, imply that there are well-marked emotional pattern responses in 
animals. Subsequent work of the various comparative psychologists shows 
that these total responses are almost as variable in the intact animal as in 
the adult human being. Emotional responses are limited only by the 
mechanical limits of activity of the jmimal. 

Several years ago Watson (1924) reported the results of his studies con- 
cerning the emotional responses in the newborn infant. He stated that 
there were three well-defined emotional patterns — rage, fear, and love. 
The names which he gives to these patterns are his ov'n labels. (Cf. Sher- 
man’s work, 1928.) The patterns of response which Watson described he 
believed to be innate and adequate, in the evolutionary sense, to the situa- 
tion. It is probable that it would be equally easy to define and limit three 
other patterns of response which might be regularly elicited by appropriate 
stimuli and which would have as great inherent worth as those to which 
Watson has called attention. The main point is that the appearance of 
true patterns of expression in the human adult or infant or in higher 
animal forms is a matter of extreme doubt. 

The work of Freud and the psychoanalysts suggests that in abnormal 
behavior tlierc may be more or less well-defined bodily patterns of emo- 
tional expression. These, according to Freud, are for the most part 
symbolic or mimetic of repressed desires or wishes. The responses repre- 
sent the acting;Qut of ‘*un-live-out-ablc” wishes. In the inescapable kin- 
ship of the human race the sameness in activity of all members of the 
race will appear in these mimetic or symbolic pattern responses, which are 
most clearly defined in neurotic individuals. These findings are all based 
on clinical observation and, until they have been subjected to controlled 
experimental verification, their significance for experimental psycliology is 
questionable. 

Visceral Responses 

Circulation, Blood, and Heart 

a* Blood volume.^ Following the theoretical and clinical suggestion 
of Lange that the core of emotional experience was to be found in the 
changes of blood distribution throughout the body* variations in blood vol- 
ume during affective experience have been extensively studied. Some modi- 


*See Eng (1925) for technical details and diagrams. 
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fication of the Mosso plethysmograph, an instrument for determining 
changes in the volume-flow of blood in any particular member or locality of 
the body, has been most frequently employed in this work. More than 
twenty experiments which were reported between 1879 and 1925 and which 
made use of the plethysmograph for analysis of the variations in blood vol- 
ume in emotion have been critically studied and analyzed by Robins (1919). 
The plethysmograph does not lend itself to experimentation where the situa- 
tion IS intense or where the stimuli are apt to evoke marked voluntary bodi- 
ly activity. Hence these experiments have been chiefly directed towards the 
correlation betw^een pleasantness, unpleasantness, or milder affective experi- 
ences and blood-volume changes. Most of these experiments report an 
increase in the blood volume of the periphery of the body during pleasant- 
ness and a deciease during unpleasantnct^s. However, certain experiments 
reporting contrary results to this general claim have been so well con- 
ducted as to leave the point in doubt. In general, there is little hope of 
accurate differentiation of pleasantness, unpleasantness, or of other affective 
experience on the basis of blood-volume changes in the body. Miss Eng 
(1925) has recently reported an elaborate study of the emotional life of the 
child in terms of plethysmographic records. Her work, in the main, con- 
firms the indefiniteness of all of the previous findings. There was no more 
of a volume pattern in the emotional response of the child than there was 
for the adult. The “spontaneous** emotional reactions in children last 
longer and are stronger than those of the adult but are no more definite 
in their blood-volume pattern. Her work failed to confirm any of the 
standard psychological theories of feeling or emotion. 

Weber (1910) carried on an experimental investigation of the changes 
in blood volume of the entire body. For this work he used the “balanced 
board of Mosso.** He found that during pleasantness, sleep, or ideas of 
movement, there was a general flow of the blood to the periphery of the 
body. In most other situations there was a draining of the blood to the 
viscera and interior of the bod5^ The chief criticism of the work of 
Weber is that for the most part his situations were artificial. He hypno- 
tized the subject and suggested the desired emotional reaction. The ques- 
tion of the physiology and psychology of hypnotism and of the validity of 
expression of emotion during hypnotism is even more obscure than is the 
waking expression of emotion. 

b» Blood pressure? The use of measurements of blood pressure as 
an expression of emotion grew out of the work on blood volume. This 
work makes use of the sphygmomanometer, an instrument for the indirect 
determination of arterial blood pressure. The measurements are usually 
made on the upper arm and expressed in terms of pressure in millimeters of 
mercury. Marston (1917) used the sphygmomanometer for the distin- 
guishing of emotional responses, particularly the differentiation of truth ^ 
and falsehood. His work on the expression of emotion other than decep- 
tion is inconclusive, particularly in light of more recent work. Landis 


®8ee Landis (192#) and Landis and Gullette (1925) for technical details. 
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and Gullette (1925) studied the changes in systolic blood pressure which 
accompany emotional experiences. This investigation revealed no pattern 
of blood-pressure response to any situation or with any reported feeling oi 
emotion. A single exception was noted in the case of the vascular lesponse 
to the unexpected explosion of a fireci acker. In this situation most sub- 
jects exhibited a sharp rise in systolic blood pressure tollowed bv an 
equally rapid fall to the original level. Blatz (1925) has reported a similar 
finding in such situations. In a control experiment Landis and Gullette 
found that when blood-pressure measurements were taken at approxi- 
mately fifteen-second intervals, over a period of from one to four hours, 
during which the subject was passively reading material of a non-emotional 
nature, there were almost as great variations in blood pressure as were 
found during the emotional situations. Landis, Gullette, and Jacobsen 
(1925) made a statistical analysis of the correlation between the amount 
and variability of blood-pressure changes with seventeen other objective 
and subjective measures of emotional response which they had at hand for 
a group of twenty-four subjects. These correlations indicate that blood- 
pressure responses are negatively correlated (not significantly) with other 
emotional expressions. 

Marston^s (1917, 1924) work has called a great deal of attention to the 
use of blood pressure in the differential diagnosis of truth and falsehood. 
He claims that an increase of 8 mm. to 12 mm. of pressure in response to 
a question is sufficient to indicate that the subject was lying. The blood- 
pressure change during truth is that of a slow'ly decreasing general level. 
His determinations were made by taking one or two readings of systolic 
pressure before a question was asked and again immediately after the ques- 
tion was answered, the difference in pressure being the basis of diagnosis. 
Larson (1923) has carried on this notion with modified technique, fie used 
an adaptation of the Erlanger method for graphic recording of blood pres- 
sure. His studies were made in prisons and in police courts where the 
factor of truth or of falsehood was undoubtedly very real in the life of 
the subject. In general, his results indicate that blood-pressure determina- 
tions can be used as a mild variety of the ^‘third degree"' for detecting false- 
hood. The technique is neithet accurate nor controllable to a place where 
one is safe in reporting an unqualified diagnosis in absence of other support- 
ing evidence. 

Brunswick (1924) has made use of the Erlanger and Festerling^ (1912) 
method of recording blood pressure during a series of emotional situations 
in the laboratory. His work shows that blood pressure does not furnish 
a differential pattern of emotional expression. Landis (1926) has .studied 
by the Erlanger method blood-pressure changes in pronounced upset. No 
pattern of response was found other than the gradual decrease of pulse 
pressure (systolic pressure minus diastolic pressure) which is comparable 
to the vascular change in “surgical shock.” 

Recently, Chappell (1929) has investigated blood-pressure changes in 
deception and has criticized the work of the earlier investigators, par- 
ticularly that of Landis and Gullette. He found that blood pressure 
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might be used to detect deception expeiimen tally when the deception situ- 
ation gave rise to excitement. However, a ‘‘deception curve” might be 
obtained under conditions other than those of deception, as when the 
subjects had been told that their intelligence was being measured. Con- 
sciousness of deception as such was not found to affect blood pressure ; the 
rise, when occurring, being due to excitement. Bryan (1930) has re- 
peated Chappell’s work. She points out that the results which Chappell 
obtained were due to the way in which he conducted his experiments. 
What Chappell did was to establish a correlation between consciousness of 
deception and blood-pressure rises by correlating these rises with the be- 
havior reactions of lying, while neglecting^ to correlate lying with the 
consciousness of deception. As she shows, his logical generalizations from 
his results are fallacious. In general, she found that blood pressure gives 
an accuracy of differentiation between truth and falsehood of 69 per cent, 
which is. not sufficiently accurate to be of any diagnostic value. 

In all probability, the rises in blood pressure which have been attributed 
to deception are due, as Chappell as well as others have pointed out, to 
the factor of geneial excitement. 'Phe blood -pressure rises which are at- 
tributed to emotion are to be explained similarly. In so far as general or 
undifferentiated excitement is an emotional experience just that far is 
blood pressure an expressive reaction of emotion. No experimental work 
has yet been produced indicating any other relationship than this. 

c. Blood changes. It has been suggested that the change in the pH 
of the blood might be considered as an expression of emotion (pH is a 
chemical symbol used to denote the ratio of free acid hydrogen ions to free 
alkali hydroxyl ions in a solution). The normal pH of the blood is 7.2 
as compared to 7.0 which represents a neutral solution ; that is, the blood 
is slightly alkaline. Certain investigators have stated that the pH of the 
blood changes from 7.2 to as much as 7.7 during emotion. This change is 
usually attributed to the accumulation of carbon dioxide in the blood 
stream brought about by the increased metabolism of emotion. The studies 
of this acid-base ratio in the blood as expressions of emotion have not been 
overly successful. More significant results have been claimed for the use 
of the pH of saliva, which affords an indirect measure of changes in the 
blood. Starr (1922) has reported that in emotionalized or psychopathic 
subjects there is an increase in alkalinity of the saliva during emotional 
disturbance which is greater than the normal variations due to psychologi- 
cal reactions of everyday life. Renshaw (1925) was unable to confirm 
Starr’s claims. 

Another variable factor in the constitution of the blood is the presence 
of glycogen (blood sugar), which, as Cannon (1929) has demonstrated, is 
increased during emotional stress. The kidneys constitute a mechanism 
which normally and automatically maintains a constant level of sugar 
concentration in the blood. Whm this level is exceeded, due to an 
excess secretion of sugar by the liver, the excess appears in the urine. 
Studies made on both men and animals in periods of emotional stress 
demonstrate this glycosuria. 
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Mann (1925) has shown that there is a change in the amount oi sugar 
in the blood stream following the ingestion of a glucose meal. He presents 
curves showing the increase and decrease of this blood-sugar level in 
normal people and comparable curves foi psychopathic patients wlio were 
suffering from definite emotional disturbances, e.g., acute depression, eu- 
phoria, mania, etc. These cuives show a persistent hyperglycemia in stu- 
porous and melancholic patients, whereas there is a hypoglycemia in the 
euphoric individual. 

d. Heart reactions. Even though the vasomotor control of the cir- 
culation fails to show a pattern of response, the reaction of the heart itself 
might furnish some expressive pattern during emotion. Landis and Slight 
(1929) made an electrocardiographic study of cardiac activity in response 
to a sudden stimulus. They occasionally found pronounced deviation from 
normal cardiac activity, but the appearance of this divergency w^as more 
closely related to the temporal correlation between the time of stimula- 
tion and the point in the cardiac cycle at which the stimulation took place 
than to any other factor. A study by Blatz ( 1 925 ) has given essentially 
the same findings. Blatz was particularly interested in the pulse rate and 
found a ^‘pattern” of pulse rate in response to surprise but nO' other change 
of importance. 

Respiratory Reactions. While no theijry basing emotion on respiration 
has gained any great amount of attention, the changes in the rate, depth, 
or pattern of respiration in response to emotional stimuli have long been 
noted and studied. Experimental work upon respiration in relation to af- 
fective experience is, on the whole, rather unsatisfactory. Dumas (1923), 
following Sikorsky, has tried to make a case for respiratory function as 
diagnostic of mood in the psychotic individual. It seems possible that at 
certain times and in certain cases such diagnostic patterns may occur. 
However, prolonged studies of the same individual, who has been suf- 
fering from, says acute depression, indicate that, although there may be a 
slowing-down of the respiratory rate, there is no general pattern in his 
breathing. Miss Feleky (1916) attempted to correlate various respiratory 
expressions, viz., respiratory work, respiratory volume, inspiration-expira- 
tion ratio, with the facial expression and bodily activity during an imagined 
emotional experience. Her findings are interesting but are reported as 
being based on one experiment on each of six subjects for each imagined 
^‘emotion.’^ In view of the small number of cases and the limitation of 
imagination, little significance may be attached to the point of “pattern” 
upon which she insisted, at least so far as pattern in real emotion is con- 
cerned, Indeed, certain of her differential findings, when subjected to 
statistical analysis, show that the differences are not statistically significant, 
as, for example, those between disgust and pleasure, anger and pain, 
pleasure and anger, etc. 

Landis (1926) reports that breathing in pronounced upset showed 
marked respiratory effort which slowly decreased; and, as the upset pro- 
gressed, the respiration became more and more shallow. Blatz (1925) 
found that, if startle occurred during expiration, the respiratory wave 
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was at once changed to inspiration; whereas, if it occurred in inspiration, 
no change was noted. Skaggs ( 1926) confirmed this. Landis and Slight 
(1929) did not obtain such a change. 

In the detection of falsehood special use has been made of the inspiration- 
expiration ratio (I/E). Benussi (1924) first investigated this function and 
claimed 100-per-cent certainty in the diagnosis of the truth or falsity of the 
verbal response of a subject in highly artificial situations. Benussi claimed 
that the I/E ratio of the three or five breaths before telling the truth 
was greater than the I/E ratio of the three or five breaths after telling 
the truth. The ratio before lying was less than the ratio after lying. 
Benussi stated that it was possible to detect falsehood even when the sub- 
ject was attempting to breathe regularly, keeping in time with the beating 
of a metronome. He also found that imagining a falsehood gave no 
significant breathing changes. Burtt (1921) repeated, in part, Benussi’s 
experiments, making use of an instrument which gave the l/E ratios 
directly. He found that he could diagnose falsehood from truth 20 per 
cent better by this method than would be possible by chance. ( He further 
confirmed this by making use of a jury whose findings were no more 
accurate than one would expect to obtain by chance.) Landis and Wiley 
(1926) attempted to determine the lower limit of actuality or reality in a 
deception situation which would give diagnostic lespiratory or circulatory 
symptoms. Their situations were artificial, and no attempt was made to 
make the situation emotional or vivid. They found that respiratory 
changes (I/E) as a diagnostic symptom were 6 per cent better than 
chance. While no one has been able to confirm Benussi’s sweeping claims, 
it is evident that some factor is operating in the deception situation which 
does, to a certain extent, influence respiration. Landis and Wiley have 
advanced the theory that this change is a tendency to prolong expiration 
and to shorten inspiration ; that is, a tendency to a gasping sort of breath- 
ing in deception but not in truth. 

Considerable investigation has been directed toward the relationship 
between respiratory pattern or respiratory function and feeling (pleasant- 
ness or unpleasantness). Much of this has been done to check the tri- 
dimensional theory of Wundt. Drozynski (1911), in an analysis of the 
I/E ratio in relation to pleasantness and unpleasantness, found a tendency 
for the ratio to increase in pleasantness and excitement and to decrease in 
unpleasantness. Rehwoldt (1911), in a similar study, confirms most of the 
findings of Drozynski. For the most part careful research has failed to 
bring evidence which does more than show that the respiratory functions 
are variable by-products of affective experience whose connection to the 
experiential content of pleasantness or unpleasantness is dubious or 
variable. 

The findings concerning respiration as an expression of emotion may be 
summarized as follows : ( 1 ) Respiration does not vary directly with emo- 
tional excitement. (2) Certain respiratory patterns are diagnostic of cer- 
tain situations. Startle and possibly deception are situations for which the 
experimental evidence is positive. (3) Simple pleasantness and unpleasant- 
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ness probably are accompanied by respiratory changes which may influence 
the content of the expeiience. (4) Respiration is undoubtedly a factor 
in emotion but has not yet been sho’WTi to be a differential expression of 
emotion. 

Metabolic Rate. Metabolic rate refers to the sum of a series of energy 
changes within the organism. These changes may be either the accumula- 
tion of energy (anabolism) or the depletion of energy (catabolism) within 
the body. It is, of course, obvious that in emotional disturbance there is a 
marked change in the energy transformation and output. The earlier 
studies of the relationship between metabolism and affective experience 
were made upon the insane. The aspect of these experiments which is of 
interest here is the attempt to relate metabolic rate to the general mood 
or prevailing affective tone of the patient. The studies are so conflicting 
that the results do not indicate anything more startling than that the de- 
pressed or melancholic individual has a lowered metabolic rate, while the 
excited or euphoric patient shows an increased rate. Graff and Mayer 
(1923) attempted to find the effect of emotion upon metabolism by 
use of hypnosis in which emotional reactions were suggested. They state 
that in one case they found as high as a 25-per-cent increase in oxygen con- 
sumption when the subject was told that he had an incurable cancer, while 
the same subject showed only 4-per-cent increase when he was told that 
he had been left a large sum of money. Their experiments were not 
adequately controlled and lack verification. 

Miss Totten (1925) was the first to attempt to study metabolism as an 
expression of emotion. She recorded muscular movements, abdominal 
respiration, pulse rate, and oxygen consumption with fourteen subjects who 
were subjected to a series of emotional situations. She found in six 
subjects an increase of from 5 to 20 per cent in oxygen consumption. In 
the remaining eight subjects there was no change worth noting. Her 
explanation for the increased metabolic rates was that an increased volume 
and ventilation of the lungs occurred. This increase was attributed to the 
relaxation of the bronchioles by the adrenalin liberated during the emotion. 

The effect of pronounced upset upon metabolism was the subject of an 
experiment by Landis (1925). He made determinations of the basal 
metabolic rate daily for a period of three weeks, thus obtaining an average 
rate and the range of rates for each of three subjects. The subjects were 
then required to go without food for forty-eight hours, without sleep for 
thirty-six hours, and were then submitted to moderately intense electrical 
stimulation. At the end of this ‘‘starvation-insomnia period'' it was found 
that anticipation before stimulation was characterized by a very marked in- 
crease in metabolism. This increase amounted to 16 per cent, 29 per cent, 
and 48 per cent, respectively, for the three subjects. When the actual 
stimulation was started, the metabolism dropped rapidly and at the end 
of six or eight minutes was practically normal* The metabolic rate during 
the hour after the stimulation was not significantly different from normal, 
nor for the succeeding three or four days did it show significant deviation. 
In the same paper Landis reports' that the emotional experience aroused by 
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listening to phonographic music did not cause any significant change in 
metabolic rate. 

It is doubtful that the metabolic rate is an expression of any mood or 
temperament. Unpleasant or nocuous stimuli usually are accompanied by 
a transient increase in metabolism, while extreme upset is marked by a 
sharp increase followed by a decrease which is almost as rapid as the primary 
increase. Several causes have been suggested to account for the increase in 
metabolism during emotion : ( 1 ) an increase in the secretion of adrenalin 
or of thyroxin with consequent increase in release and consumption of 
glycogen; (2) an increased muscular tonicity or incomplete muscular re- 
laxation of the voluntary muscles of the body; (3) relaxation of the 
bronchioles with consequent absorption of more oxygen; and (4) an in- 
creased metabolism of the central nervous system. The evidence for aqy 
one of these suggested causes is incomplete. More experimental work is 
needed before one will he able to say with any degree of certainty which 
explanation is correct or the proportion of the change which is to be at- 
tributed to any one of the factors. 

Gastro-inteshnaJ Activity, It is common knowledge that affective situa- 
tion? frequently lead to disturbances in gastro-intestinal activity. The 
nausea and disturbances of digestion accompanying emotional upset have 
been known and remarked upon by psychologists for many years. James 
developed his famous theory of emotions on the hypothesis that the per- 
ception of the visceral changes constituted the differentia of emotion from 
other mental experience. 

The work of Pavlov (1902) has demonstrated that the mere presence of 
food in the mouth is sufficient to call out what he calls ‘^psychic secretion,” 
even when no food has entered or can enter the stomach. It has also been 
shown that this secretion is altered by emotional stimulation. Cannon 
(1929) found essentially the same facts for humans that Pavlov had 
demonstrated with animals. He notes that salivary and gastric secretion 
are inhibited in the angry dog or in the frightened cat. The activity of the 
smooth muscles composing the gastro-intestinal tract is markedly changed 
during affective experience. If an animal is given a bismuth meal and the 
progress of the food through the intestinal tract followed fluoroscopically, 
it may be demonstrated that unpleasant oi nocuous stimuli lead to inhibi- 
tion of the orderly process of digestion. It may also be shown that intense 
excitement of a pleasant nature will inhibit digestion while mild pleasant- 
ness will tend to facilitate activity. 

Brunswick (1924) has conducted a very interesting experiment upon the 
effect of emotional stimuli on the gastro-intestinal activity of the human 
being. ^ He studied by means of gastric, duodenal, and rectal balloons 
gastro-intestinal activity during emotional situations. The situations were 
such as to bring about emotional disturbances in most of his ten subiects. 
He found that there was a loss or decrease of gastro-intestinal tone when 
the subject reported that he had experienced fear, envy, disappointment, 
irritation, pain, and unpleasantness; while distress, surprise, and startle 
usually went with increased tonus* Amusement, delight, admiration, ap- 
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preciation, or disappointment were never associated with i^astro-intestinal 
change; while with fear, relief, and envy the intestinal recoids were con- 
tradictory. In all of his work it was obvious that specific changes in 
gastro-intestinal tonus were related to mild pleasantness or unpleasantness 
and to nothing more. He found no gastro-intestinal pattern reactions 
which would furnish a basis for James’s theory of emotion. James’s 
theory also depends upon the temporal relationship between the feeling 
and the visceral change. This visceral change should take place and, sub- 
sequently, the sensory qualities should be perceived and labeled as emotion 
or feeling. Brunswick’s evidence on this point is contradictory. Some of 
his subjects showed the necessary temporal sequence; others failed to 
demonstrate it. 

In Landis’ (1926) experiment, where the subjects W’ent without food or 
sleep for two days, records were taken of respiration, blood pressure, 
gastric contractions, rectal contractions, and metabolism. The stimulation 
at the end of the period produced emotional upset. The effect of this 
situation was to bring about a cessation of gastro-intestinal activity both 
of the stomach and the rectum. The effect of the stimulation upon blood 
pressure, respiration, and metabolism has been described above. According 
to the James-Lange theory there should be different patterns or sequences 
in the visceral and metabolic reactions during the upset of each subject, 
since each of the three reported entirely different emotional experiences. 
The similarity of the reactions of the three and the haphazard sequence of 
the physiological relationships may be best interpreted by assuming that 
there was a disturbance in the usual physiological integration, and that the 
reactions were merely those of random, chance occurrence, or of the selec- 
tive balance of autonomic nervous functions peculiar to each individual. 

From these studies of visceral reactions it will be seen that metabolism, 
gastro-intestinal activity, respiratory activity, and circulatory activity are 
all intimately interconnected. It seems that excitement, startle, or mild 
facilitation of activity creates a favorable balance so that visceral activity 
is facilitated. Nocuous, strong, or pronounced stimulation of any variety, 
or ^‘intense emotional experience” all tend to interfere with the complicated 
integration of visceral function. I'he visceral responses are, to the best of 
our present knowledge, mediated over the autonomic nervous system or 
through the action of hormones acting directly on the organs. The dis- 
turbance in emotion lacks pattern in the sense that essentially the same 
pattern should be shown by all individuals. What is found, then, is an 
individual rather than a common pattern, A man experiences an emotion, 
and every time he experiences it about the same organic reactions take 
place, but there is no evidence of similar reactions in any other individual 
under similar conditions, or, indeed, from one period in the same man^s 
life to some other period separated by months or years. 
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The Role of the Endocrine Glands in the Expression of Emotion 

The relationship between the endocrine glands and emotion has been 
the subject of a great deal of experimental investigation. The^ interrela- 
tionship between the activities of these glands and the autonomic nervous 
system is one of the most abstruse and complicated problems which face 
the physiologist. It is a matter of biochemical and biophysical balance in 
which there are some eight or ten variables in relation to an^ autonomic 
nervous system of control, the fundamental action of which is only im- 
perfectly understood. We may state in advance that certain internal 
secretions have a maiked role in emotion. Others may be involved, but 
we are unable to state specifically the effect of their activity. Still othei 
internal secretions probably have no part in affective experience. 

Adrenal Glands. The work of Cannon (1929) and his collaborators on 
the importance of the adrenal glands in emotion constitutes a brilliant 
chapter in physiological psycholog^^ A detailed discussion of Cannon^s 
work is given in Chapter 6. In order to complete the picture which we 
are endeavoring to give of the expressions of emotion, certain factors 
concerning adrenal function should be pointed out. 

The physiological effects of adrenalin may be summarized as follows: 
(1) increases the tremor in voluntary muscle; (2) causes relaxation of 
smooth muscle; (3) counteracts fatigue in voluntary muscle by affecting 
the myoneural junction; (4) alters blood distribution by its inhibition of 
the sympathetic division of the autonomic nervous s.vstem, so changing the 
volume distribution of blood of the body; (5) alters blood pressure by 
direct action on the cardiac muscle and on the contraction of the arteries; 
(6) hastens the rate of clotting of the blood; (7) relaxes the bronchioles; 
(8) causes the liver to release into the blood stream glycogen available 
for muscular work. All of these physiological changes brought about by 
the action of adrenalin are, after a fashion, emergency reactions which 
enable an organism to meet situations which demand quick and probably 
prolonged discharge of energy. No one of the reactions offers a pattern 
which could be considered as a differential expression of any of the ^demo- 
tions,*’ but the reactions are all of a sort which fit under our definition of 
emotion. 

The doctrine which has been advanced by Maranon (1924) is frequently 
cited as evidence of the relationship between adrenalin and emotion. 
Maranon subcutaneously injected various patients with 1 to cc. of 1 
to 1000 adren«alin. He reported that the patients characterized their ex- 
perience as a “cold emotion.” That is, they reported that they were 
organically stirred up without having an external reference or a situation 
to account for the experience. Recently, Landis and Hunt (1932) re- 
viewed the literature on which Maranon based his conclusions and found 
that the original protocols state clearly that in some cases a true emotion 
may be aroused by the injection of adrenalin. Marafioiq does not attribute 
this “true emotion*^ to the simple organic syndrome of adrenalin hut states 
that it is due to hyperthyroidism, “predisposition,” or “raised emotional 
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lever* of the patient. Cantril and Hunt (1932) injected adrenalin into 
a group of subjects who had had some training in introspection. The 
reports of these subjects indicated clearly that in some instances the mere 
existence of the organic syndrome set up by adrenalin was accepted as fur- 
nishing a complete and satisfying subjective emotional experience. Landis 
and Hunt (1932) conducted a similar experiment with psychopathological 
patients. Their results were in line wnth those of Cantril and Hunt. In 
general, they found that the injection of sufficient amounts of adrenalin 
vi^ould reproduce roughly the organic picture usually characterized as 
emotion. There was considerable variation, both quantitatively and 
qualitatively, within the specific details of the reaction. The production 
of the adrenalin syndrome gave results differing from subject to subject. 
Certain individuals reported merely the perception of the organic con- 
dition. Others reported an associated emotional content, saying that they 
felt ‘'as if afraid,** or “as if in great joy,** etc. In a few cases a complete 
emotion was aroused and this emotion seemed both satisfying and genuine. 
Landis and Hunt feel that adrenalin furnishes an interesting and sug- 
gestive approach to certain of the problems of emotional experience. Their 
work needs to be enlarged in its scope and to be carried out with more 
direct reference to emotional states which have been set up before the 
injection of adrenalin or while the adrenalin effect is present. This avenue 
of approach is very promising. 

Thyroid Gland. The internal secretion of the thyroid gland is known 
as thyroxin. Since we have no direct chemical or physiological test for 
the presence of thyroxin in the blood stream, most of our knowledge con- 
cerning its action conies from indirect or clinical evidence. There is no 
experimental w^ork showing whether the secretion of thyroxin is accelerated 
in an emotional situation. It is probable that such acceleration does take 
place, since emotion is expressed through the sympathetic nervous system 
and the thyroid gland is innervated and stimulated through this system, 
and since adrenalin stimulates both the activity of the sympathetic nervous 
system and of the thyroid gland. Although the experimental evidence is 
meager, the clinical evidence is rather clear. In hyperthyroidism or in 
exophthalmic goiter we find a marked emotional instability in the patient. 
Such individuals over-react to emergency situations or to nocuous stimuli 
and seem to be in a state of heightened tension and irritability most of 
the time. In hypothyroidism or myxedema we find a paucity of emotional 
expressions and responses. The patient is stolid, stuporous, and slug^sh. 
The level of emotional reaction, mood, or temperament, whether excited 
or depressed, is somehow at least partially a function of the presence of 
thyroxin in the blood stream. 

The Pituitary Body. This small two-lobed gland at the base of the 
brain has at least two internal secretions, tethelin and pituitrin. Uno 
(1922) has shown that prolonged emotional stimulation in rats brings 
about changes in the size and chemical constitution of the pituitary gland. 
The exact nature of these changes is not clear. Our evidence from 
clinical medicine concerning the pituitary and emotion is meager. The 
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physiological action of pituitrin is somewhat similar to that of adrenalin or 
thyroxin while tethelin is probably concerned chiefly in bodily growth. 

The Gonads. The internal secretions of the sex glands go by various 
names at present, since their chemical composition is a matter of great 
research interest. The absence or deficiency of these internal secretions 
is quite marked and fairly well understood, especially from studies which 
have been made upon eunuchs or eunuchoidal individuals. The hyper- 
function is equally marked in the development and expression of sexual 
passion or lust, particularly in satyriasis or nymphomania. 

Summary of Endocrine Action in Emotion, The progress of bio- 
chemical research on the composition and physiological action oi these 
endocrine secretions is making such rapid progress and is such a matter of 
dispute and controversy because of the variation in the results obtained by 
various workeis that conclusions are not warranted. With the exception 
of the adrenalin eifects, there seems to be little agreement concerning the 
action of any one of these agents on the entire and intact organism. 
Very evidently they do play some role in emotional experience, but the 
matter is not clearly understood at present and we can only wait until 
the evidence is more generally agreed upon. 

The Role of the Nervous System in the Expression of Emotion 

The Peripheral Nervous System and Spinal Cord, The external ex- 
pressions of emotion are mediated over the peripheral nervous system. 
There is no evidence that the peripheral nervous system is anything more 
than the connecting linkage between the central control and the expressions 
of the emotion. In spinal animal preparations certain of the integrated 
reflex patterns are sometimes spoken of as pseudo-expressions of emotion. 
The struggling or scratching which results from the painful pinching of 
the leg of a spinal dog is an example of this. In the human subject where 
the spinal cord has been severed we find these same varieties of reflex 
coordination. 

The Midbrain and Thalamus, This most complex region of the cen- 
tral nervous system is of particular and peculiar interest, since most evi- 
dence^ goes to show that it is here that the expressions of emotion are 
organized, integrated, and controlled. This area acts as a relay station 
for all sensory impulses passing on to the cerebrum. It contains many 
of the nuclei in which are centered the control of the vegetative activity 
of the body. The nucleus of the facial nerve is in this region. The 
neurology and physiology of this area have been discussed in Chapter 6, 
For the purpose of the present chapter it is necessary only to show how 
this system^ acts in the organization of expressive emotional responses. 
The integrity of the emotional life of the individual, the facility of ex- 
pression, the range of emotional experience, are all, somehow, functions of 
the intimate connections of this old brain center. It is just possible that 
the occurrence of facial expression in emotional experience is due to the 
fact that the nucleus of the facial nerve lies in the thalamic region in close 
anatomical approximation to other organization points for responses con- 
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trolled over the autonomic nervous system. The probable neural scheme 
in the central organization of emotional expression is somewhat as follows: 
Sensory nervous impulses passing upward on their course to the cerebrum 
relay in the thalamus. The impulse may then pass in either of two major 
directions: (1) to the cerebrum, where it enters into sensory, perceptual, 
and voluntary motor activity; or (2) part of the impulse may be diverted 
at the level of the thalamus and initiate muscular activity from these cen- 
ters. This latter activity constitutes the emotional background of reactions 
or reaction systems. 

The Cerebrum, For the purposes of the present discussion the cere- 
brum is an organ of voluntary and learned expression and of the inhibition 
or control of expressive reactions. All of the voluntary expressions of the 
face, the gestures, and the voluntary bodily activity with which we know- 
ingly convey our emotional reactions are functions of the cerebrum. The 
question of the development and socialization of expression is one which 
falls more properly into the field of learning. We have rather arbitrarily 
considered that the true expression of emotion is an unlearned and a more 
or less involuntary matter, since the treatment of expression as a form of 
learned response would lead us far afield from emotional expression. 

The Autonomic Nervous System, In view of the extended treatment 
of this topic in Chapter 6, the treatment of the subject here will be very 
brief. All smooth or visceral muscular reactions are innervated over the 
autonomic system. All organization, all pattern of response, all of the 
temporal relationships which may be considered as visceral expressions of 
emotion are therefore somehow integrated by the autonomic system. There 
is, as has been shown by Cannon (1929) and his co-workers, a functional 
balance between the sympathetic division and the cranial and sacral di- 
visions of this system. Such physiological patterns as are shown by the 
autonomic responses arc attributed to the balance between these divisions. 
Mild pleasure (absence of pain or strong stimulation) is shown by a pre- 
dominance of cranial and sacral function; while marked unpleasantness, 
upset, or violent emotion shows a predominant activity of the sympathetic 
division. The entire mechanism is reflex in nature. It is so balanced that 
any portion of the visceral response which becomes predominant will 
quickly and effectively find compensation elsewhere in the system in all 
normal circumstances. 

The Properties of Nervous Conduction, Lapicque (1911) has de- 
veloped a systematic explanation of neural activity based on the time- 
energy relations of the activity of functional tissue. He calls this char- 
acteristic stimulation value of living matter “chronaxie.*' Stimuli usually 
give rise to impulses which follow neural pathways in which the neurons 
are isochronous (have the same chronaxie). If the stimulation is strong or 
persists, the neural impulses which result will follow not only the isochron- 
ous pathways but will also be forced into heterochronous paths. Lapicque 
suggests that the taking-over of nervous impulses from isochronous to 
heterochronous paths furnishes the neural basis for the experience of un- 
pleasantness. The more intense the heterochronicity of the neural system, 
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the more intense the unpleasantness of the emotional experience. Pleas- 
antness is regarded as the absence of unpleasantness. 

The problem of the nature of feeling (pleasantness or unpleasantness) 
is one which has long baffled physiologists and psychologists.^ The sugges- 
tion of Lapicque represents only one of many theories which have been 
advanced to furnish a physical basis for affective experience. A broader 
theory, which has gained some attention, is based on the probability that 
the autonomic nervous system contains sensory as well as motor fibers. 
These sensory fibers carry impulses from smooth muscles and glands 
which are reported in midbrain centers merely as coordinated or inco- 
ordinated activity. Coordination is then identified with perceptual pleas- 
antness and incoordination with unpleasantness. 

The Electrical Expressions of Emotion^ 

The phenomenon usually termed “psychogalvanic reflex’^ was first called 
to the attention of the scientific world by Vigouroux, Fere, and Tarchanoff. 
Vigouroux, in 1879, reported a study of the variations in the resistance 
of the human body and mentioned changes in resistance which are due 
to the sensihilite* of the subject. Fere (1888) called specific attention 
to the relationship between affective experience and variations in the 
resistance of the body. In 1890, Tarchanoff reported a study of the re- 
lationship between mental activity and the galvanic phenomenon of the 
skin. His work apparently grew out of duBois-Reymond^s earlier inves- 
tigation and was an attempt to establish the physiological basis for such 
bodily electrical responses. 

The notion advanced first by Fere that the electrical response was an 
expression of emotion has been of a great deal of interest to psychologists 
and has led to many investigations. Veraguth (1909), who named this 
phenomenon the psychogalvanic reflex, and Binswanger (1918) seem to 
have been the first to hold that the reflex was specific to emotion. Bins- 
wanger^s work was part of the “Diagnostic Association Studies'^ of Jung 
and the Zurich Psychoanalytic School. He maintained that, although the 
reflex occurs as a response elicited by a variety of stimuli, the mental pro- 
cesses involved may always be grouped under the concept of emotion, F. 
Peterson (1907) was probably the first to hold that the amount of galvan- 
ometric deflection is directly proportional to the strength of the emotion. 
Waller is responsible for persuading the majority of the scientific world 
interested in the phenomenon that it is specific to emotion. This he did 
largely through numerous demonstrations and papers given before scientific 
meetings in Great Britain, Belgium, and France. Wechsler (1925) was 
the first experimenter who investigated the problem of specificity of the 
reflex to emotion. Landis (1930Z>) has shown that Wechsler's conclusion, 
viz., that the response is specific to emotion, was not borne out either by 
his experiment or by his own logical analysis of his results* 


Landis and PeWick (1929), and Landis (1932) for full bibliographical cita- 
tions on this subject. 
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Radecki in 1911 and Abramowski in 1913 were the first to question 
the assumption that the galvanic reflex is associated only with emotion. 
These investigators believed that the mental processes known as volition 
were more commonly associated with the reflex than was emotion. This 
notion has been followed up in the work of Aveling and his associates. 
They hold that the reflex is the correlate of conation and shows itself in 
affective experience only when the conative process is present. Other 
psychological investigators have held that the reflex follows every sensory 
stimulation, that it comes only in periods of stress, that it always accom- 
panies the appearance of unconscious processes in behavior, that it is cor- 
related with the complex oretic process, that it occurs in only purely idea- 
tional processes, etc., etc. Indeed, a survey of the literature shows that 
psychologists have identified this electrical reaction with almost every con- 
ceivable mental process and with only the most questionable of evidence to 
back their claims. 

When we turn to the work of the anatomists, we find that Schilf and 
Schuberth demonstrated in 1922 that the electrical response occurred only 
when the autonomic nervous connections between effector and receptor 
were intact. Foa and Peserico (1923), using cats for experimental 
material, found that the effector side of the response depended on the 
autonomic fibers following peripheral motor nerves; that the control 
center is localized in the corpora quadrigemina and in the apex of the 
calamus scriptorius; that peripheral stimulation starts impulses which 
traverse any sensory path which leads to the bulbar region, out of which 
the impulse giving rise to the response passes to connect with the autonomic 
system. 

The anatomical work has been summarized as follows by Wang (1930) : 

From these physiological findings we know that when a leceptor or- 
gan is stimulated, nerve-impulses are set up in its afferent nerves; that 
these neive-impulses may be transmitted first to the cortical sweat 
area and then therefrom to the preganglionic sudo-motor neurones in 
the spinal cord; that these nerve-impulses may be conducted first to 
the vegetative center in the tuber cinereum and then from there to the 
preganglionic sudo-motor neurones; that these nerve-impulses may 
be directly sent to the preganglionic sudo-motor neurones in the cord; 
that the nerve-impulses conducted by the preganglionic neurones acti- 
vate the post-ganglionic sudo-motor neurones in the sympathetic 
ganglia, which in turn transmit them to the sweat glands; that when 
the sweat glands are excited by these nerve-impulses and begin to 
secrete, the galvanic skin reflex appears. 

It has been demonstrated by Gildemeister (1922-23) that the apparent 
change in resistance of the body is in reality a change in either the amount 
or the rate of polarization. He has also demonstrated that the apparent 
electrical output of the body is to be explained in terms of polarization. 
Since polarization is the important factor in the response, he has carried 
out very elaborate studies on the nature, rate, and factors affecting polari- 
zation in the skin and in the living tissue. His results show that the 
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alterations of polarization, usually called the psychogalvanic reflex, are 
dependent in the living organism upon the integrity of the autonomic nerve 
supply, and that the rate and duration of the reflex are a function of the 
sympathetic nervous control. Careful physiological investigations have 
shown that these electrical responses of the skin are general autonomic re- 
sponses which are associated with the pupillary reflex, various vasomotor 
changes, changes in the cardiac rate, contraction of pilo-motor musculature, 
respiratory variations, increased muscular tension, etc. Darrow has shown 
in a series of critical experiments that there is a one-to-one relationship 
between this electrical response and variation in skin temperature. There 
is good reason to believe that the response is part of the temperature regu- 
lation of the skin and that its appearance is to be correlated with variations 
in skin temperature. 

Most of the psychological studies have followed the uncritical conclusion 
of Veraguth and Binsiwanger, who assumed that these electrical responses 
were associated with some psychological category, usually emotion. It is, 
of course, possible to set up an experiment in which the situation is de- 
signed to bring out emotion, volition, conation, etc., and to measure these 
electrical responses during these situations. It is then usually concluded 
that the responses are associated with the mental function or functions 
usually assigned as appropriate to that situation. In a similar way, one 
could probably demonstrate that the salivary reflex is a measure of intelli- 
gence, or that the number of closures, of the palpebral fissure is a measure 
of ideation. 

Recently, several critical psychological investigations have been con- 
ducted from the introspective standpoint, trying to determine the conscious 
content associated with the appearance of these electrical variations. The 
most satisfactory is that of Abel, who shows that sudden checks in com- 
prehension are most usually reported at the time of the appearance of the 
response, although there is considerable variation in the conscious content 
at these particular instants. 

In so far as the expression of emotion is organized and integrated through 
midbrain centers, these electrical responses may be regarded as one of the 
expressions of emotion. It is equally clear that every bodily activity or 
mental function other than emotion, which is integrated in these same mid- 
brain areas, may and probably does give rise to these responses. The use 
of these phenomena in psychological woik should be interpreted in the 
light of the functional activity of the autonomic nervous system. If emo- 
tion is to be inseparably linked and totally identified with autonomic 
responses, then only would one be correct in saying that these electrical 
changes are specific to emotion. Undoubtedly, the electrical changes are 
valid measures of changes in balance in the autonomic nervous system and 
may so be used. Other psychological work which presupposes that the emo- 
tion and these responses are inseparably connected has found no real ex- 
perimental verification. 
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Emotion and Feelings 

The word "‘feeling'* has at least three accepted usages : ( 1 ) a term re- 
ferring to the experience of pleasantness and unpleasantness; (2) a descrip- 
tion of an experience which is less vivid than emotion; and (3) the report 
of vaguely perceived sensations which do not have clear perceptual quality. 
These differences in usage are sufficient reason why the entire subject 
of feeling is so unsettled, both from the point of view of the psychologist 
and the physiologist. One can never be quite sure whether the investigator 
is referring to the experiential qualities of pleasantness and unpleasant- 
ness, to emotional experience, or to a sensation. We shall endeavor in this 
chapter to restrict our treatment of the subject to the phenomena of 
pleasantness, unpleasantness, and vaguely perceived emotion. 

The older experimental psychology, particularly that of Wundt and of 
Titchener (1908), held that feeling is one of the three basic elements of 
mental life. Feeling in the Wundtian system is marked by quality 
(pleasantness or unpleasantness), intensity, and duration, but lacks clear- 
ness. Wundt also taught that feeling was tridimensional in quality. 
These dimensions are tension-relaxation, excitement-depression, and 
pleasantness-unpleasantness. Most attempts to verify Wundt’s hypothesis 
have been unsuccessful. It has been impossible to identify the tension, ex- 
citement, etc., with pulse, breathing, or any other physiological correlate. 

Physiological studies should, it seems, be able to furnish some clue to 
the nature of feeling or to its relation to emotion. Following the lead 
of Lange, various experimenters have tried to associate pleasantness and 
unpleasantness with the volume distribution of blood within the body. 
The results of these experiments are very conflicting and have failed to 
give us any real insight into the matter. Other theorists have hypothe- 
sized that pleasantness and unpleasantness were to be identified with 
facilitation and inhibition in neural activity. Facilitation was supposed 
to carry pleasantness with it as an induced phenomenon; inhibition, to 
carry unpleasantness. Unfortunately, there is no neurological substantia- 
tion of this theory. Other psychologists have maintained that unpleasant- 
ness equals mild pain, while pleasantness equals the absence of pain. This 
is an attractive notion but one which has defiled thus far either affirmation 
or negation. The work of Head (1920) on the protopathic and epicritic 
elements of sensation is regarded by some as a basis for assuming that 
pleasantness and unpleasantness might be derived from the sensory qualities 
of experience. The work of Nafe (1924), concerning the psychological or 
experiential basis of feeling, has presented some very interesting points. 
His method is a variation from the usual introspective routine. In place 
of attempting to describe a feeling in dynamic terms, Nafe established the 
feeling process and then, after cutting it off short, obtained as complete an 
introspective report as possible concerning the feeling. His subjects 
finally came to a description which identified pleasantness with “bright 
pressure,’* which was described as Idnaesthetic sensation from the region 
of the upper chest and shoulders. Unpleasantness was described as a “dull 
pressure” and associated with a pulling-down sensation in the region of the 
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diaphragm. He concluded that sensory experience may be either affective 
or non-affective, but, if pleasantness or unpleasantness was present, there 
was an addition or complete change in the experience. Qualitatively, the 
affective increment was either a bright or a dull pressure. Pleasantness 
and unpleasantness were found inherently weak and mild, though they 
have a certain pattern of density. Pleasantness came on gradually while 
unpleasantness appeared at full strength and at high intensity, passing over 
to emotion, while pleasantness, as such, never did. Pleasantness and un- 
pleasantness never appeared in isolation but always accompanied the sen- 
sory components, although they were not organic sensations or the percep- 
tion of organic sensations. 

Young (1927) attempted to check Nafe^s findings. With one of Nafe’s 
original observers he obtained reports of pressures, but his other observers* 
reports failed to duplicate Nafe*s results. He denied Nafe*s identification 
of pleasantness ?ind unpleasantness with bright and dull pressure and 
concluded that Nafe*s results were a product of the general laboratory 
atmosphere of Cornell. Hunt (1931^2^ 193 1/>) has again repeated Nafe’s 
experiment with certain modifications in method. He concludes that 
affection is accompanied by bright and dull pressure. In his second article 
he found that the pleasantness of an emotion is no more intense than that 
of a purely affective situation, while the unpleasantness experienced in an 
emotion may be much more intense than that experienced in an affective 
reaction. 

From the relevant literature certain conclusions concerning the relation 
of feeling and emotion as expressive reactions may be drawn : ( 1 ) Feeling 
is certainly not a simple, easily identified mental experience. (2) Feeling 
has never been successfully identified with any specific physiological oc- 
currence or pattern of reactions. (3) Feeling may be either (a) the 
protopathic-epicritic element of sensation, (b) facilitation or inhibition in 
neural activity, (c) presence or absence of pain, (d) presence of reactions 
governed by the autonomic nervous system, (e) the energy balance of the 
organism at any particular time, or (f) a derived experience based on 
thalamic neural integration. (4) Psychologically, feeling, in the sense of 
pleasantness or unpleasantness, appears as a unique experience but one 
which may be the product or by-product of many other experiential 
processes. 

7'he expressions of feeling are more difficult to systematize than are the 
expressions of emotion. For the most part this is due to the fact that 
feeling is less clear than emotion and that the expressions of feeling are 
even more a matter of socialized response than are the expressions of 
emotion. Practically all of the expressions which are usually attributed 
to emotion should be termed expressions of socialized feeling. The entire 
subject of the devebpment of feeling as a social reaction is one which has 
only recently had the benefit of the experimental method. Murphy and 
Murphy (1931) have shown that it is a most promising field for real 
scientific advance. 
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Anhedonia 

When James first announced his famous theor}'* of emotion, he stated 
that confirmatory evidence would probably be found in certain pathological 
conditions in which there was a decrease or lack of visceral sensation. 
This condition has been termed “anhedonia.” In 1905, D’Ailonnc? 
described a case of anhedonia coupled with disorders of the time sense. 
This patient complained of an utter lack of the feeling of emotion while 
displaying all outward expressions of emotion. She suffered from com- 
plete thermal, visceral, and pain anaesthesia. Rdyerson (1918) has reported 
a similar case of a young woman of cyclothymic temperament, who was 
suffering from “nervous prostration” as the result of an unrequited love 
affair. Following the affair, she retained all the outward expressions of 
nervousness and emotion, such as crying, blushing, and laughter, but pro- 
tested that she had a complete lack of all “feeling.” She reported that 
there was a total absence of hunger, thirst, fatigue, desire for sleep, joy, 
and fear. She would jump and scream at a sudden noise but denied all 
feeling of emotion. 

Each of these cases presents an interesting study of hysteria, and in 
the opinion of the writer should be considered as such. Other clinical 
case histories of complete cutaneous analgesia show no such lack of emo- 
tion or feeling. The explanation of such cases of anhedonia should be 
made in terms of dissociated functional habit systems, which are more 
easily discussed today in the terms of psychoanalysis than in the terms of 
physiological psychology. 


Conclusions 

The Relation between Emotion and Its Expressions* Many classifica- 
tions and schematic diagrams of the interrelationship existing between 
the emotions or the expressions of emotion are to be found in the psycho- 
logical and philosophical literature. In the present consideration of this 
subject the factor of classification, or of the naming, or of an attempt to 
name, the emotional expressions has been neglected. 'ITiis has been done 
because it seemed that it was more worth while to adopt an experimental 
attitude, to study first the behavior, the physiology, the experimental 
literature on emotion rather than to begin by hanging tags on events or 
phenomena not understood. It is doubtful that the appending of a classi- 
fication would add particularly to the present treatment. 

The descriptions which have been given of the expressions of emotion 
indicate that emotion, per se^ is a unique physiological system of reactions 
for which the general boundary lines and landmarks have been determined, 
leaving the more intimate topography for future study. The expressions 
which we have studied — facial reactions, vascular reactions, respiration, 
gastro-intestinal reactions, etc. — arc all of them outstanding landmarks on 
our map. To carry the analogy further, these reactions are the innate 
factors, the geographical or geological formations which are to be modified 
by the weathering action of the environment, thus more clearly defining 
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those types of behavior which have been traditionally classified as emotions. 

The question of nature versus nurture is as marked in emotion as in 
any other type of human behavior. It is customary to speak of emotion 
as a natural reaction, one which is little varied fay experience. Certainly 
this is a very inexact concept. What the natural emotional life of an in- 
dividual might be like is an unknown territory. Emotional life is modified 
more rigorously in the growth and education of an individual than perhaps 
any other variety of human experience. The reason for the statement so 
frequently made that emotion is a natural reaction, unmodified by learn- 
ing, is that emotional reactions occur in such large units of physiological 
disturbance that they frequently swamp the mental life of the individual. 

Psychology and physiology are essentially on common ground when 
dealing with the problems of emotion. The psychologist talks glibly 
about the role of the endocrines or the autonomic nervous system in emo- 
tion, while the physiologist is quite as careless in his remarks concerning 
the effect of the psyche, psychic life, or mind upon the factors which he 
calls emotional. Certainly a closer liaison between investigators in this 
field would make the work of one more intelligible to the other and would 
facilitate greatly our knowledge concerning these unique types of biological 
reactions which do play such an important role in human behavior. 

The Expressions of Emotion. It is apparent that certain of the ex- 
pressions of emotion are innate. Some of the purposeful interpretations 
of expression are very interesting. The notion that some of the expressions 
of emotion are due to the survival of emergency reaction patterns is at- 
tractive. The idea that many of the expressions are survivals of racial 
habits formerly useful is intriguing. There are, however, many expres- 
sions which do not fall into any evolutionary or teleological classification, 
as, for instance, laughter and crying. Another puzzling feature of this 
study is that of the way in which racial cultures or social factors modify 
and form expression. If, as some theorists have believed, certain expres- 
sions are mimetic of either past experiences of the individual or, more 
particularly, of ^ past experiences of the race, then we must have a variety 
of neural function or an inheritance of modified nervous functioning which 
has not been hitherto described. It is safer to say that the major expres- 
sions of emotion are survivals of earlier biological and physiological func- 
tional relationships within the species, and that for the most part the 
shadings of expression shown by the adult are the result of learning or 
training. 

The question of expression as a language mechanism is one which de- 
serves more attention than it has received. We have mentioned before 
that vocal reactions often have emotional connotations which are not con- 
veyed by the words themselves. The change in tones of the voice, the 
alteration in timbre, the occurrence of the vibrato, all serve as emotional 
expressions,^ most of which are learned, some of which seem to be native. 
The same is true for facial expression. The language of gesture, which 
has been largely neglected in modern psychology, certainly will add in- 
teresting side-lights to our knowledge of the subject. The question of 
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“expression, ’’ in the sense in which it is used by the artist or the actor, is 
another which deserves the attention of the physiological psychologist. 
We know that certain gestures, certain varieties of reaction occurring in 
appropriate situations, are almost without exception interpreted as emo- 
tional. Why? The answer is not e^y. There is no experimental evi- 
dence. The answer, when given, will modify many of our present concepts 
concerning the nature of aesthetics and of the nature of socialized emo- 
tional expression. 

Future Lines of Development in Experimentation with Emotion, There 
have been pointed out, throughout this chapter, places in which further 
experimental evidence would be desirable. It remains o-nly to consider 
briefly points which will probably be of importance in verifying or chang- 
ing our viewpoints on this subject. The most important line of future 
research is that of the nature of the relation existing between emotion and 
learning in the broadest sense of each term. The acquisition of ability to 
interpret the expressions of emotion, the acquisition of facility of expres- 
sion, the understanding of the probable underlying mechanisms of habit 
formation, will all of tlicm be certain to- modify our present concepts. 
Another main line of future development will come most probably from 
the study of the physiology of the central nervous system and of the 
autonomic nervous system with relation to their action in the control, 
organization, integration, and modification of emotion. The extremely rapid 
progress in endocrinology and in the biochemistry of body fluids may be 
expected to change our present concepts concerning the visceral organiza- 
tion of emotion and probably of the basic nature of personality. If mood, 
attitude, and the like are founded in the chemistry of the body, as has 
been postulated for centuries, it seems possible that we may be approaching 
some solution or verification of the hypothesis. In addition to these three 
lines, it is very possible that the new phenomenology of the Gestalttheorie 
will modify our concept of emotion just as the theory has modified the 
formulation of the field of perception. These reformulations may be 
descriptive or psychological, in the strictest sense of the word, but, as 
Arnheim’s experiments have indicated, the new viewpoint and descriptive 
method is certain to lead to an advance in our knowledge. 

It has been stated in texts of psychology and of physiology for many 
years that the problems of emotion defied the experimental method. True, 
this statement has not always been made explicitly, but certainly this 
notion is implicit in all too many of our modern texts. It is to be hoped 
that the picture given here of the expressions of emotion or of the avail- 
ability of emotion as an experimental field in both physiology and 
psychology may bring about a change in this attitude. 
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CHAPTER 8 

LEARNING: I. THE FACTOR OF MATURATION 
Calvin P. Stone 

Stanford Ufiiversity 

The early literature of animal behavior is replete with accounts of 
* ‘instinctive” responses so perfectly executed as often to pass the bounds 
of credulity. “Many of the performances of the lower animals,” observes 
Wesley Mills (1898), “if accomplished by men, would be regarded as indi- 
cating the possession of marvellous genius.” As everyone knows, it is 
the genetic history of these marvelous aptitudes that has provided one of 
the most baffling problems with which students of comparative psychology 
have been confronted since the time of Aristotle, the patron saint, if not 
the fathei, of genetic psychology. 

Early theorists shrewdly observed that if real progress was to be made 
in understanding the genesis of such performances it was necessary to find 
examples in which opportunities for learning, either by repeated individual 
attempts or through observation and imitation of other living creatures, 
were, as far as possible, excluded. They believed that the study of such 
examples would explain the acquisition of many life-preserving and life- 
perpetuating responses observed by them to appear in animals under 
appropriate conditions of age and motivation without benefit of specific 
training, as that term was commonly understood. Perhaps no example 
satisfies their quest more fully than that of the Yucca moth, as described 
by Lloyd Morgan (1896). 

The silvery, straw-colored insects emerge from Iheir chrysalis 
cases just when the large, yellowish-white, bell-shaped flowers of the 
yucca open, each for a single night. From the anthers of one of these 
flowers the female moth collects the golden pollen, and kneads the 
adhesive material into a little pellet, which she holds beneath her 
head by means of the greatly enlarged bristly palps. Thus laden, 
she flies off and seeks another flower. Having found one, she pierces 
with the sharp lancets of her ovipositor the tissue of the pistil, lays 
her eggs among the ovules, and then, darting to the top of the stigma, 
stuffs the fertilizing pollen-pellet into its funnel-shaped opening. 

Now, the visits of the moth are necessary to the plant It has 
been experimentally proved that, in the absence of the insects, no 
pollen can get to the stigma to fertilize the ovules. And the fer- 
tilization of the ovules is necessary to the larvae, which in four or 
five days are hatched from the insect’s eggs. It has been ascertained 
that they feed exclusively on the developing ovules, and in the absence 
of fertilization the ovules would not develop. Each grub consumes 
some twenty, ovules, and there may be three or four such grubs. But 
the ovary contains some two-hundred ovules. Of these, therefore, 
say, a hundred are sacrified to the grubs of that moth, through whose 
instrumentality alone the remaining hundred can be fertilized and 
come to maturity. 
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Morgan proceeds to say, in substance, that these activities aie performed 
but once in the lifetime of the individual Yucca moth. Hence, the 
parent never has an oppoitunity to learn by imitation or from success 
or failure what acts really must be performed that this sequence of 
biological phenomena may take place, involving as it does both develop- 
ment and perpetuation of plant and animal species. 

Another example, quoted from Herrick (1924), further illustrates the 
kinds of data sought in ancient times. It concerns the common mason 
wasp, that familiar mud-dauber whose handiwork ofttimes appears on 
attic rafters, on the nether framework of bridges, and tucked away in 
hundreds of out-of-the-way places. 

These insects lay their eggs in hollow cylinders about an inch long 
skilfully fabricated of mud which is manipulated into the desired 
form. Befoie the chamber is sealed with the last daub of mud, 
spideis aie captuied and so stung as to paralyze the animals (usually 
without killing them), an egg is laid on a ciippled spider, and the 
chambei is ciamrncd full of the unfortunate victims, which are then 
entoml)ed by (‘losing the opening. The mud dries into a piison cell 
with fiirn but poious walls. Jn a few days the eggs hatch, the larvae 
devour the meat so liountifully supplied, and when sulEciently mature 
dig theii wa> out to fK-edom. . . . The mother wasp apparently has 
no understanding of what she does nor why. vShe never sees her 
oifspiing and can have no intelligent pievision of these lequiremenls. 

(P. 147) 

Similar instances, collected by the hundreds, gave rise to the commonly 
accepted belief that insects actiuire highly specialized behavioral mecha- 
nisms during their pupal stag(‘s and that without benefit of practice these 
become sciviceably mature near the time of thc’final molt. 

What the naturalists found to be true of insects also appeared to hold 
equally well in certain spheres of behavioral development in the higher 
animals. Hence, bit by bit, the conceptual groundwork of what today 
is known as the maturntlonal hypothesis of behavioral development was 
laid in the minds of naturalists.* According to the modern version of 
this hypothesis, certain behavior mechanisms are organized in animals 
during the pre-aduh phases of life by virtue of the same or of similar 
endogenous regulatory agencies as those accounting, for characteristic 
changes of the ovum prior to fertilization, segmentation of the fertilized 
gastrulatlon, histogenesis, organogenesis, and many other phases of 
somatic growth. 

DliVKLOPMimTAL ScULDULES IN THE FetUS AND NeWBORN 

An pcellent foundation for descriptive studies of unlearned behavior 
was laid by anatomists and embryologists^ during the past one hundred 
years through detailed analyses of structural and functional development 


Mn historical r^sumfi of the instinct doctrine provides an excellent foundation 
for the more objective studies of ontogenetic development made by the eighteenth- 
and nineteenth-century naturalists. Sec especially the work of Wilm (1925). 

’All aspects of this subject pertinent to the present chapter have been ably 
treated by Needham (1932) in his recent three-volume work* 
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in diverse forms of animals. Their researches convincingly demonstrated 
that structural development is orderly, that differentiation of organs and 
their subsequent mass development goes on v^ith definite temporal intervals, 
and that schedules of development are highly stereotyped in members 
of the same species. One healthy individual is found to be the prototype 
of all members of the species. These early observers, particularly those 
who were physiologically minded, also observed that behavioral growth 
followed laws that are remarkably similar to those describing somatic 
growth. This discovery was one of capital importance for psychology 
because it suggested the possibility of describing stages of ontogenetic 
development in terms of the animal’s repertoire of responses or in terms 
of the deftness or precision with which a given response might be executed. 
In this lies the germ of all subsequent attempts at describing mental, 
physiological, and developmental ages in terms of behavior. What has 
just been said in the abstract now can be repeated in the concrete by 
referring to selected examples of developmental schedules of various 
laboratory animals. 

1. Fetal Guinea Pigs, 45-68 Days of Age, As early as 1885, William 
Preyer, a distinguished comparative embryologist, attempted to chart the 
developmental schedule of the fetal guinea pig. His study is one of the 
most instructive of its time and has stimulated much research of similar 
nature on several species of animals. Our present summary will be 
taken from a study by Avery (1928). The latter determined the age 
of conception of each mother with only a few hours of experimental error. 
Then, by caesarian section, unborn young of known fetal ages were 
removed from mothers in order to provide suitable materials for systematic 
observations. In Figure 1 will be found a graphical representation of the 
incidence of many gross bodily responses, which are so arranged in the 
figure as to stress the age factor in the developmental schedule, but also 
to permit one to observe that behavioral development proceeds simul- 
tanously along many fronts. 

A few gasps for breath are made by fetuses of 45 to 50 days’ gestation 
but irregular breathing appears in those of 50 to 60 days. Regular and 
continuous breathing is found after the sixty-fourth day. On the forty- 
fifth day, or earlier, a mild electrical stimulus evokes respiratory gasps 
after spontaneous gasps have ceased. By the forty-eighth day, kicking or 
withdrawal responses follow upon pinching the skin of either foot. On 
the fiftieth day, the first spontaneous kicking movements were observed. 
Eyelids were open between the fifty-fifth and fifty-seventh days. On the 
fifty-seventh day, kicking responses to pin-pricks and also eyelid reflexes to 
air blown on the cornea were noted. 

Vocal responses were observed on the fifty-eighth day and scratch re- 
flexes with the forepaws came on the fifty-ninth day. On the sixtieth, 
the pig crawled and rolled from back to side or over to the haunches and 
gave a twitch of the ear to tones and noises. On the sixty-first day, 
responses to olfactory stimuli and spontaneous scratch responses appeared. 
On the sixty-third, the pigs could stand and walk, and on the sixty-fourth, 
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FIGURE 1 

Developmental Schedule of Responses in Fetal Guinea Pigs 
The fetuses were delivered by caesarian section after known periods of gestation 
and were systematically observed under standard conditions. 

[After Avery (1928) ; redrawn from Figure 4, p. 301.] 

fear, social responses, and sucking: were elicitable. On the sixty-seventh 
day, nosing of objects, and chewing of shavings, paper, and alfalfa hay 
were noticed. Birth usually occurred on the sixty-seventh or sixty-eighth 
day. 

To test the degree to which fetuses of 63 days or older use their ability 
to orient with respect to gravity while in utero, radiograms of pregnant 
females held in various positions were made (e.g., back down, back up, 
on right side, and on left side). The results consistently showed that 
the fetuses did not shift their positions in response to shifts of the mother. 
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FIGURE 2 

Growth of Responses in Pre- and Postnatal Albino Rats 

Data for the prenatal period, 14 to 22 days, are based on the extensive observa- 
tions of Angulo y Gonzdlez (1932), who observed the following numbers of fetuses 
21 days, respectively: 59, 53, 150, 93, 70, 90, 98, 20. (Gestation 
period, 22 days.) Data for the postnatal period are based on observations by 
.j^atl (1899) and the present author* Xhe numbers enclosed by circles indicate 
the preentage of each age group displaying the response indicatd by the code 
numbers on the abscissa. Vertical lines at the right of the diagram indicate the 
approximate age ranges at which postnatal responses, indicated by code numbers 
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at the bottom of the diagram, are first manifested Percentages for each age can 
be gi\en only for the reproductive responses, and these vary somewhat according 
to the diet used. Niiinbeis at the bottom of the diagram refei to the following 
responses: 


0 — non-motile 

1 — lateral flexion of tiunk 

2 — lateial liexion of trunk with move- 
ment of forelimhs 

S — lateial flexion of rump 

4 — extension of the* head 

5 — extension of head with opening of 
mouth 

6 — extension of head with opening of 
mouth and protrusion of tongue 

7 — lateral flexion of rump with move- 
ments of hind lim!>s 

2 — vent inflexion of the trunk and rump 

p — independent movement of the fore- 
limbs 

10 — maintained contractions 

11 — contraction of the abdominal muscles 

12 — extension of the rump 

13 — attempts to assume 'Uhe optimum 
physiol of^ical posture^* 


14 — independent movement of the hind 
limbs 

15 — extension of the head and rump 
with kicking of hind limbs 

16 — independent opening of the mouth 

17 — independent extension of the hands 
IS — independent flexion of the hands 

19 — specific reflexes 

20 — movement of tail 

21 — independent movement of the feet 

22 — independent movement of the 
tongue 

23 — independent closing of the mouth 

24 — rolls fiom back to belly 
2‘i — crawls rapidly 

26 — washes face; sitting on haunches 

27 — response to noises 

28 — eyes opening 

29 — eats solid foods 

30 — ^initial sexual responses 


For a dxhcusbion of the fact that some of the early responses are not found 
in the older fetuses, see the original paper by Angulo y Gonzalez (1932). 


In one series of radiographs in which the mother was shifted at 5-minute 
intervals, during a 30-minute period, radiograms being made before each 
shift, the young kept their original positions in the uterine tubes through- 
out the half hour. But when they were removed from the mother, an 
hour or so later, each rolled to its feet immediately after delivery and 
returned to that posture when put upon side or back. From lack of 
adequate extroceptivc stimuli, it would seem, guinea pigs do not exercise 
their ability to orient in space prior to the end of the gestation period 
although they are capable of so doing at least four or five days before the 
time of normal birth. 

Up to the present time experimentalists have not determined beyond 
doubt that learning, in the accepted meaning of that term, cannot go on 
during the intra-uterinc period of life. However, in the guinea pig, con- 
ditions of intra-uterine life are such as to minimize the opportunity for 
complex habit formation. Therefore, most biologists infer that the same 
intrinsic factors which regulate somatic and functional development arc 
responsible for the schedule of behavioral growth found in the fetal guinea 
Pig- 

2* Fetal and Postnatal Rats* Taking the work of Angulo y Gonzalez 
(1932) as our source of information, we have constructed a chart of the 
rat's developmental schedule up to the time of birth. Other studies 
have provided data for the period of postnatal development. Referring 
to Figure 2, the reader will see that the growth of response ability in 
the fetus is very gradual Apparently the general wave of behavioral 
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development prior to birth continues without marked change during the 
first two or three months of postnatal life. Individual differences in 
rate of development for different fetuses are clearly suggested by the 
study of Angulo y Gonzalez, although he was unable to study repre- 
sentative animals by the longitudinal rather than by the cross-sectional 
method. The individual differences pertain to temporal spacing of 
responses rather than to their sequential arrangement. The latter is 
common to all members of the species and can be changed experimentally 
only with great difficulty, and, when changed, whether experimentally 
or occurring spontaneously, the individual is an ill-formed, pathological 
specimen, 

3, Behavior of Pouch-young Opossums. The very intriguing study 
of pouch-young opossums, as reported by Hartman (1923) and Lang- 
worthy (1928), is a fruitful sequel to the pioneer studies of Preyer and 
Avery on the guinea pig, and that of Angulo y Gonzalez on the rat. The 
opossum deserves consideration in this connection because its first weeks 
of postnatal life correspond roughly to well-known stages of intra-uterine 

THE DEVELOPMENT or RESPONSES 



FIGURE 3 

DEVEX.OPMENTAL SCHEDULE OF RESPONSES IN PoUCH-YOUNG OPOSSUMS 
The age-response determinations are only approjilimations which may be expected 
to vary in either direction with further observations. (7— conception ; B — ^birth. 
[Constructed from the data of Langworthy (1928).]! 
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development of many other mammals, since the gestation period, 12 to 14 
days, is extremely short. Thereafter, attached to a nipple in the mother’s 
pouch, its extra-uterine development continues for about two months in 
a very protected and relatively stable environment. 

Certain points of the developmental schedule of the opossum, as briefly 
described hereafter, aie graphically illustrated in Figure 3. As to be- 
havioral characteristics, Langworthy observed that at birth the opossum 
sucks, crawls with its foielegs, clasps small objects such as hair or thiead 
with its claw's, and moves its head from side to side in great sweeping 
movements. It responds to cutaneous stimuli, particularly those applied 
in the region of its face. It cannot right itself when placed on its side 
nor can it perform any of the more complex locomotor and defensive 
movements exhibited by fetal guinea pigs of 60 days, and by newborn 
kittens, puppies, calves, and hundreds of other well-known wild and 
domestic animals. 

At one week of age the opossum is still poorly developed. The forelegs 
beat in such a mannei as to insure progiession if the claws catch onto 
solid objects, but the bind legs are more or less useless. The tail is 
prehensile but unable to suppoit the animal’s weight. The cutaneous 
receptors are functional, as evidenced by responsiveness to thermal and 
tactile stimuli; at this time the animal will crawl toward warm and away 
from cold olijects. Ejes are not open; cars are non-functional; there is 
no evidence that the vestibular apparatus is functioning, for the animal 
cannot right itself. 

At one month of age the young opossum continually lies on its side 
because of inability to right itself; now the hind legs move more than 
at the end of tiu* first week, but hind-limb and forclimb movements are 
not well coordinated, ft can grasp a suspended thread with the foreclaws 
but it only circles the thread rather than climbs up. 

Near the end of six weeks all previously displayed responses have become 
more precise and vigorous than when previouttly seen and some new ones 
are in evidence. Imperfect righting reflexes are first manifested at this 
age; if put on its feet, the animal may take two or three steps before 
falling upon its side. Vocalizations now can be elicited. At the age of 46 
days, the animal supports its weight by its tail. By the fifty-fourth day 
it no longer lies continually on its side but sometimes assumes the normal 
bodily posture of mammals. Now it crawls fairly well, but with 
sprawled-out legs; as yet it walks poorly. It barely climbs a rope at this 
stage. At approximately nine weeks the young can walk without difficulty 
and support its own weight. Also it eats solid foods. It can climb and 
run well at or near the tenth week, when in many respects its proclivities 
for coordinated responses and self-maintenance are grossly similar to 
those of the newborn guinea pig, 

4. Fettil and Newborn Rabbits. The rabbit, having a gestation period 
of only 30 days, occupies a mid-position between the opossum and the 
guinea pig as to motor development at birth (Kao, 1927). From three 
to four days before the end of the gestation period, the fetus, if removed, 
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will display respiratory responses in various stages of functional maturity 
and completeness. At the same time it will move its body and trunk in 
response to cutaneous stimuli of all kinds. Within a day or two of 
birth it is capable of righting itself, making progression movements, and 
sucking from the mother’s nipple. All of these responses are somewhat 
weaker than similar responses elicited from full-term newborn, as might 
be expected, since they come from young that are examined at the earlier 
age, in which functional maturity is less advanced. A day or two of 
further maturation, however {no practice in response, so far as known), 
makes the difference between the relatively weak response of the fetus of 
28 days and the newborn of 30 days’ gestation. 

Figure 4 illustrates the age at which other responses appear in the 
postnatal life of the labbit. In this figure, small bars on either side of 
the average for the group indicate the lowest and the highest ages at 
which the specific responses manifested themselves in this study. From 
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FIGURE 4 

Developmental Schedule of Responses in Fetal and Newborn Rabbits 
[After Kao (1927).] 
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the data at hand Kao (1927) could have computed the standard deviation 
of each distribution of ages, as is done when one wishes to describe an 
array of data from the standpoint of central tendency and variability. 
This was not done by Kao, however, owing to certain inaccuracies of his 
methods which led him to believe that more complete statistical treat- 
ment of his data was unwarranted. The fact that it has not yet 
been done for any laboratory animal, excepting man, indicates the rela- 
tively undeveloped status of quantitative research on the ontogenesis of 
animal behavior. Beyond a doubt, quantitative work will be indispensable 
for the analysis and weighting of the controllable factois which give rise 
to individual differences in maturational rate within each species. 

5. Developmental Schedules in Man. Recently, comprehensive studies 
of fetal and postnatal development in man have been made by Minkowski 
(1922), Peiper (1928), Blanton (1917), Gcsell (1925), Buhler (1930), 
Shirley (1931^^, 1931/;), Halverson (1931), Castner (1932), and 
numerous others (cf. Murchison, 1933). These investigations have laid 
a stable foundation for the belief that 7nans developmental schedules, 
whether physical, intellectual, emotional, or twlitional, requiring a much 
greater fraction of the total life-span than any other mammal for their 
completion, probably differentiate him more clearly from the higher ani- 
mals, including the orang-utan, chimpanzee, and gorilla, than any of his 
tvell-knoiun structural characteristics — better, we may say, than the 
fluid tissues, osseous skeleton, form of the hands, or the postures assumed 
by these animals when at rest or in motion, 

6. Common Factors in, and Characteristics of, Maturational Develop- 
ment. Some of the more obvious, but none the les?s illuminating, general- 
izations derived^ from comparative studies of developmental schedules and 
the extra-organic conditions under which they come into being are the 
following ; 

a. Structural and behavioral maturative processes appear to be in- 
separable in every stage of ontogenetic development. The anlagen of the 
most fundamental behavioral patterns are laid down in the central nervous 
system at a relatively early stage of embryonal and fetal development, 
and primarily under the regulatory control of endogenous factors; these 
anlagen continue their development until functionally mature stages are 
reached, under the guidance of the same or similar controls (Coghill, 
1926; Herrick, 1924). 

b. No practice whatever is required to initiate the first embryonal 
movements, so far as can be determined at the present time; and subse- 
quent development, in the sense of individuation of responses, goes on 
without practice or tuition both in mobile and in immobile zones of the 
organism's body until the adult stage of physical growth is reached 
(perhaps even beyond that). 

c. Serviceable maturity in fundamental action systems usually is 
attained just before the latter are required by the organisms for main- 
taining a properly regulated internal and external environment for its 
own further development and maintenance or for that of its progeny. 
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d. Those kinds of development which oidinarily are called learning 
or habit formation appear to be secondary elaborations or extensions of 
maturational development; they serve the purpose of making each indi- 
vidual of the species a more integral part of its personal and momentarily 
changing inner and outer environment. 

Hereditary Mechanisms: The Primary Regulators of 
Maturation 

The primary or basic regulators of maturational development are endoge- 
nous in the sense that they are determined by hereditary mechanisms. 
(See Chapter 2.) The laws of heredity, particularly the modern genic 
theory, have brought into biological science an understanding that has 
prompted and greatly facilitated the minute analysis of different ph3^sical 
constitutions. And these same laws now provide us with conceptual 
tools for building up and tearing down at will diverse behavioral 
mechanisms. 

1. Learned Responses Are Not Transmitted as Heritable Characters, 
At the outset a word should be said concerning the heritability of learned 
responses. Although animals of the same species ofttimes develop similar 
habits as a result of interacting with similar situations of a common habitat, 
these habits are not transmitted from one generation to another as heritable 
characters. Like scar tissues, muscles hypertrophied by special exercises, 
pock-marks on the face, elongated necks of African beauties, dwarfed 
feet of Chinese women, or hundreds of other accidental and intentional 
modifications of the soma, habits leave no permanent imprint, figuratively 
speaking, on the germ plasm. Moreover, scientists are still looking 
(probably in vain) for unequivocal evidence that training of any kind 
in one or in many generations produces more easily educated animals 
in subsequent generations, utiless the effects of that training are such as to 
select for breeding the more educable and to discard those having the 
lesser aptitude for learning? In keeping with this same generalization 
is the commonly accepted belief that the ancestral habits of the dim past 
did not in some way become the innate responses of present-day animals, 
as one time was believed by such eminent scientists as Lamarck, Darwin, 
and Romanes. 

2, Control of Maturational Trends by Selective Breeding, The most 
effective way to influence maturational development along desired lines 
and to give reasonable assurance of its effects^ being perpetuated in suc- 
cessive generations is the well-known method of selective mating of par- 
ental stock. This method was used by ancient peoples to enhance the 
highly prized behavioral characteristics of animals they wished to domes- 
ticate, as well as to weaken or eliminate the less desirable characteristics,^ 

®Probabiy the most noteworthy test of the Lamarckian hypothesis in recent years 
is that of McDougall (see Chapter 2). His finding of confirmatory evidence is 
weakened, however, according to many critics, by what they consider to be defects 
in methodology. 

^Scientific manuals setting forth the differential features of various breeds of 
cattle, horses, swine, sheep, dogs, poultry, etc., usually cite characteristic behavioral 
differences^ as well^ as morphological differences. These differences are found 
under similar conditions of husbandry and presumably are determined by con- 
stitutional factors. 
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The following experiments will illustrate the results that can be obtained 
by such methods. 

a. Modification of temperamental traits in rats. In the laboratory 
it is lelatively easy to vary such temperamental traits as wildness and 
savageness in rats by selectively mating parents in whom, prior to taming 
or systematic handling, the desired strengths of these traits were mani- 
fested (Stone, Darrow, Landis, and Heath, 1932; Yerkes, 1913). To 
illustrate, three groups of rats were reared in the same laboratory room 
until the age of 100 days and, up to that time, were not subjected to any 
taming influences whatever, beyond those necessitated by feeding and 
cleaning of cases. The groups consisted of 10 descendants of wild brown 
rats, 17 domestic albinos, and 70 half-breeds resulting from crossing 
wild brown males and domestic albinos. When all had reached the age of 
100 days they were removed from the home cages daily to be rated, 
under various experimental conditions, for degrees of wildness and savage- 
ness. The differences between means of the three groups on each of the 
ten days of rating were statistically significant. The sigmas of the distri- 
butions, however, were quite similar as to magnitude. Although one 
finds some overlapping of scores of wild and half-breeds and also of albinos 
and half-breeds, there is no overlapping at all between scores of albinos 
and the wild strain. On the whole, the obtained differences in tempera- 
mental traits are clean-cut and unequivocal. Moreover, they are such 
as any competent observer might be expected to obtain upon repeating 
the experiment. Therefore, although the experiment is by no means 
crucial for determining what specific intra-organic factors gave rise to 
the temperamental differences in the three strains, we are probably safe 
in assuming that the primary controls were hereditary. 

Supporting this supposition are the results of another experiment 
in which the fertilized eggs of a wild brown rat were transferred to the 
uterine tubes of a domestic albino, following the method of Nicholas 
(1933). 'rhere, adjacent to albinos, these young of a wild strain 
developed and eventually were reared by the albino mother. Despite the 
fact that all nutrients obtained by the embryos were from a common 
supply and that all young were reared under identical conditions after 
birth, the two strains exhibited the expected somatic and behavioral 
characteristics of their progenitors. In view of these findings, one is justi- 
fied in assuming that the temperamental traits of different strains of rats, 
when obviously not the product of different living-con ditions, are the 
product of maturational development, the latter being regulated by endoge- 
nous factors inherent in the germ plasm or developing in the embryo 
as a part of the total hereditary mechanism. 

As a corollary to the foregoing data, I presume that one may add 
that experimental methods now available make it possible to vary through 
selective breeding many other temperamental traits in rats, such as per- 
sistency, aggressiveness, submissiveness, daring, laziness, excitability, docil- 
ity, etc. Rats, because of their short life-spans and wide variations in 
temperamental traits should be ideal subjects on which to lay the experi- 
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mental foundations for a proper physiological approach to the study of 
personality in man, a field of research that, to date, is difficult of approach 
because in the majority of instances genetic and environmental factors 
cannot be accurately determined, controlled, or systematically varied. 

h. Speed and pattern of locomotion in horses. In keeping with the 
foregoing example are the heritable differences in speed and stamina which 
sportsmen have produced in horses by selective breeding. ^ Without citing 
evidence from the stud books, we are justified in claiming that “class” 
among race horses is determined primarily by constitutional differences in 
the germ plasms which preside over their maturational development. It 
is an established fact that carriage horses, coach horses, plough horses, or 
hunters rarely develop speed, in the turf-man’s sense of that term, irre- 
spective of their opportunities; also, the “get” of common “platers” 
seldom acquire the speed and stamina required of “stake” horses; finally 
only the paient stock belonging to strains which, when properly trained, 
have reached the top-flight in speed and endurance consistently transmit 
through successive generations the potentiality of developing speedy loco- 
motion. (The training, of course, serves no function beyond that of 
revealing to the breeders what sires and what dams have the constitutional 
bases of speed. Some brood mares, from good lines, are never raced at 
all.) 

In this same connection, a word may be said concerning patterns 
of locomotion. Among standard bred horses there are the pacers and 
the trotters. Although all can execute the trotting movement, only cer- 
tain strains, purified by selective breeding, execute the pacing motion as a 
natural, unlearned mode of locomotion. Pacing is handed down in pre- 
dictable manner when pacers and trotters are crossed. Also it may make 
its appearance in the hybrid mule. It is a phenomenon no less striking 
to the eye than meaningful to the scientist to observe a high-spirited mule, 
prancing about with head erect, ears pointed forward, and finally moving 
off with a graceful pacing motion. This rare animal, the product of a 
jack and a standard bred pacing mare, is a rarity merely because the 
ordinary mule is bred for behavioral characteristics other than grace and 
speed of locomotion. 

c. Inherited behavior characteristics in dogs. Incidental to his 
studies on the genetics and endocrine factors underlying somatic constitu- 
tions in dogs, Stockard (1931) made many noteworthy observations on 
the transmission of behavior patterns in hybrids. Discussing the short- 
legged, Fi, hybrids obtained by crossing a short-bent-legged basset hound 
and a normal, wild-type, long-legged German shepherd, he says: 

The short-legged, Fa, hybrids all have the long drooping ears of the 
hound and never the erect ears of the shepherd, and the voice or bark 
is also more hound-like than shepherd-like. When these hybrid pups 
are reared by a shepherd mother and have never seen a basset 
hound, they will, when put on the field for the first time, scent with 
their noses down and bark as they run, behaving as their hound 
father would do, acting in a manner entirely unlike the reactions of 
their shepherd mother with whom they have always associated. Thus 
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their hunting instincts are as truly inherited as leg-lengths or hair 
color, ^ being probably associated with acuteness of smell, and are 
not, in this case at least, developed as a conditioned reflex, (pp. 
228-229) 

Other observations on postures in standing, sitting, lying, etc., leave no 
doubt as to the facts concerning the transmission of behavior patterns 
as units or as mosaics in hybrid dogs. To be sure, all of these dis- 
tinctive patterns of behavior come to full expression only through process 
of growth or development, but, granting that training may alter them 
somewhat, they are in no proper sense to be accredited to any of the 
known methods of learning. 

d. Genetic nature of the time of attainment of puberty. Puberty 
denotes a stage of development in which the individual attains the ability 
to elaborate functional gametes and also the ability and willingness to 
play the appropriate role in sexual congress. Although these several 
abilities are not perfectly coordinated in time, the discrepancies are small 
and may be neglected for our present consideration (Stone, 1924). Our 
momentary interest is that of pointing out the fact that the attainment 
of puberty relatively early or relatively late by mice and rats is hereditary 
in nature, as clearly demonstrated by recent experiments. 

Using mice, Crew (1931) made a crucial test of this point in the 
following manner. One hundred five female albino mice and 60 female 
descendants of a colored strain were subjected to the same conditions of 
husbandry in early life. All were examined daily for evidence of the 
attainment of puberty as indicated by vaginal smears or by mating. The 
average age of first oestrus was found to be 39 days in the case of the 
albino strain and 52 days in the case of the colored. Although there is 
some overlapping of ages, as shown in Figure 5, the differences between 
means is sufficiently large to indicate that it is statistically significant. 
In view of the fact that all of the individuals were subjected to a 
**constant optimum temperature and optimum population density, excel- 
lent food and general care’' and yet the average ages of puberty of the 



FIGURE 5 

Age of First Oestrus in a Strain of Colored Mice (Upper) and a Strain op 

Albino Mice (Lower) 

[After Crew (1931).3 
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two groups differed so greatly, Crew concluded that the rate of matura- 
tive changes underlying the total phenomena of puberty were genetically 
determined and that “relatively early and relatively late attainment of 

puberty are hereditary characters.” ^ 

Working with albino rats, the author has arrived at conclusions 
similar to those of Crew. After determining the age of puberty, as 
measured by the age of first copulation in males and first ovulation in 
females, he bred males and females that were approximately two sigmas 
above the average and likewise males and females that were^ two sigmas 
below the average for the respective sexes. By repeating this process in 
successive generations, two strains of albino rats were produced, the one 
with relatively early and the other with relatively late ages of pubescence. 
In the Fo generation, the average for age of pubescence in the early group 
is approximately 42 days and that for the late group is in the neighborhood 
of 58 days. The amount of overlapping is roughly similar to that found 
by Crew’ in his genetically different strains of mice. Future experiments 
involving hybridization of these two groups may throw important light on 
the mechanism of heredity underlying the development of early and 
late puberty. No doubt this can be accomplished in part by experi- 
mental analyses of some of the supplementary regulators of maturational 
development, particularly the endocrines. 

Secondary Regulators of Maturational Development 

On both experimental and infeiential grounds it is usually claimed 
that at the outset of individual life genes are the primary regulators of 
development. There is little precise information as to the manner of 
their action, but it is usually assumed that they become effective through 
their influence on the reactions, or metabolism, of certain parts of the 
organism while it is still an undifferentiated mass. The result of this 
influence appears to be that supplementary regulators, the organizers of 
experimental embryologists, are formed, and these take up thq task of 
controlling histogenesis and organogenesis. Some of them appear to be 
more generalized as to the scope of their influence than others and 
control cellular processes at considerable distances in a manner somewhat 
analogous to the endocrines. Others have a very circumscribed area to 
control and act only for a short period of time. The net result of their 
regulation is that all members of a species of animals achieve similar 
structural development and that characteristic temporal and sequential 
relationships (the developmental schedules) may be observed as these 
are attained. 

L Neural Patterns; the Counterparts of Behavior Patterns, An 
introduction to the nature of developmental mechanics in the embryo can 
be had by considering certain aspects of structural patterning which go on 
in the nervous system. The work of Coghill (1929) and Herrick 
(1924), among others, has greatly illuminated this very intricate prob- 
lem. Although their work is confined chiefly to relatively simple forms 
of animal life, such as amphibian and piscian species, the work of other 
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investigators who have dealt with mammals indicates that Coghill and 
Herrick have revealed principles of neuromuscular patterning which ar^ 
common to all vertebrate forms. 

The following quotation from Coghill (1926) indicates his conclusion 
as to how the neural counterparts of behavior patterns arise in the early 
stages of amphibian development: 

The growth of the nervous system, insofar as it has been definitely 
correlated with the development of the behavior pattern, demonstrates 
that fractional patterns (reflexes) arise by a process of individuation 
within a primarily integrated total pattern, and that the latter does 
not arise by an integration of independent reflexes. The form of 
the behavior pattern in Amblystoma up to and including locomotion 
is determined by specific neural counterparts that acquire their 
specificity in functional value through laws of growth in the nervous 
‘system. There is evidence also that mechanisms that condition 
the performance of such a behavior pattern as locomotion in mam- 
mals are determined in the same manner. It is important, there- 
fore, to know how far growth, in the sense of the differentiation 
of new functional parts of cells, is projected into the life-history 
of the vertebrate, for so long as it continues it must participate 
in the function of the nervous system as a whole and, therefore, 
in the development of the behavior pattern, (p. 136) 

In further discussions of the locomotor system, he says that the neuro- 
muscular mechanism is laid down before the first stages of mobility are 
reached in the Amblystoma. 

The same, in substance, is true of the special sense-organs concerned 
with equilibrium. From the very beginning they respond selectively to 
forces or stimuli of the intra- and extra-organic environment. Further 
he says : 

The central relation of the neurones of the postural mechanism 
must therefore be determined without reference to the peripheral 
stimulation of the sense organs concerned. . . The pre-sensory 
growth of the cerebral mechanism may accordingly be regarded 
as determining what the attitude of the individual as a whole 
shall be toward the environment before the organism can take 
cognizance physiologically of its environment, (Coghill, 1930, pp. 
641-642) 

Coghill also speculated somewhat on the possible effects of experience, 
in the form of extraneural excitation, on the functional development of 
action systems. Relevant to this point he says: 

In the counterpart of the form of the pattern, as already explained, 
the specificity is fixed by the relations into which the elements 
grow. In the counterpart of experience, on the other hand, speci- 
ficity of function is established by interaction of growth and excita- 
tion, that is to say, the excitation fixes upon the growing terminals 
of neurones its own mode of activation. In the conditioning mech- 
anism in general, as in the case of the Rohon-Beard cell, according 
to this hypothesis, laws of growth determine the structural rela- 
tion of conductors, but their specific sensitivity is fixed by the 
mode of excitation. 

In the motor mechanism of Amhlystoma we see structural counter- 
parts of attitudes which are released into action of definite form 
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in appropriate situations. It is possible that in the conditioning 
mechanisms, also, situations organize themselves into definite struc- 
tural counterparts through the interaction of growth and excitation. 
(Coghill, 1929, p. 105) 

The point is one of capital importance and should be subjected to 
many crucial tests in the laboratory for it pertains to the age-old ques- 
tion as to whether maturative processes and learning processes arc 
essentially one and the same in fundamental nature, differing only with 
respect to aibitrary distinctions, made for good and sufficient practical 
reasons, that are based on the kinds or loci of extraneural excitations. 
Perhaps a beginning has already been made in subjecting the above 
hypothesis to the experimental test by such work as that of Carmichael 
(1926, 1927, 1928), m which some of the factors which do not appear 
to determine specific types of behavior are brought to light. He brought 
eggs of the frog {Rana) and salamander {Amblystoma purictatum) into 
the laboratory to develop under conditions suitable for observation. A 
number of embryos in their early head- and tail-bud stages were divided 
into control and experimental groups. The controls were allowed to 
develop in tap water, a satisfactory medium for normal growth and 
activity. The experimental group, on the other hand, was put into a 
chloretone solution of just sufficient concentration to keep the develop- 
ing larvae in a state of anaesthesia without injuring the developing organs. 
At well-known stages in the development of these larvae the controls 
began to respond to tactile stimulation along the skin of the body. Some 
hours afterward the more complex swimming movements were elicited. 
Stimuli applied to the anaesthetized individuals, however, did not evoke 
the least motor response, hence there is no reason for supposing that 
movements were at any time present in the anaesthetized young while 
they passed from the non-motile to the free-swimming stage of their 
developmental life. The net result of this series of experiments was to 
demonstrate that Ambly stoma developing to the free-swimming age in 
the anaesthetizing solution swim just as soon as the narcosis wears off 
and that those kept in a dark and vibration-free room show no handicaps 
or retardation in swimming as compared with the normal controls reared 
m the ordinary environment. 

By experimental methods Carmichael produced an artificial resting 
stage in the amphibian larvae which from the standpoint of immobility 
roughly resembled the pupal stage of an insect's natural development. 
And, as m the case of the insect, there appeared in the amphibian larvae 
the same action systems and aptitudes for response as displayed by 
unhampered young of the same age and racial stock. An experiment of 
this kind do^ not tell us just what factors of the environment are 
essential to the^ acquisition of swimming responses* but it does afford 
us an opportunity for observing with what facility abilities to respond 
may be attained without the complicating factors of tuition and practice. 

4. Zndoennes Supplementing Genic Control The scope of regula- 
tory influence exerted pn maturative processes by the endocrines is still 



CALVIN' P. STONE 


369 


imperfectly known, but evidence of various kinds warrants our placing 
them in the list of secondary controls. Even the final development of 
the neuroblasts, particularly those of the cortex which play a role so 
important in human learning, is not immune from this type of regula- 
tion. Witness, for example, the underdeveloped condition of the cretin’s 
brain, that of the Mongolian idiot, and, in certain instances, the victim 
of Froelich’s syndrome. 

a, Gonadic determination of sexual behavior. Endocrine influence 
in producing sexual dimorphism in the insects seems to be lacking or 
of negligible importance; the same can be said, also, for sexual behavior. 
But in the higher animals, such as the birds and mammals, they are of 
the utmost importance (Allen, 1932). The genes determine what the 
endocrines shall be and also when they shall assume their respective 
functions in the individual, but these powerful agents are necessary to 
bring to full somatic expression what is latent in the chromosomes. 

(jonadic influences on sexual behavior are no less certain than their 
influence on the growth of secondary characters and the accessory sexual 
apparatus. Crowing, strutting, and fighting by a cock-like poulard, 
produced by castrating a typical female chick one day of age, is now 
a commonplace among experimental embryologists, as was the same 
behavior some years ago when brought about by gonadal transplantation 
(Allen, 1932). So also is eunuchoid behavior, including the total failure 
of the sexual ‘‘instincts” in birds and mammals which are castrated in 
early life. 

When mammals are deprived of the anterior hypophysis or ovaries 
prior to puberty, the congenital sexual responses never appear without 
restorative therapy; likewise oestrual phenomena disappear if deprivation 
of the anterior hypophyseal or ovarian secretion comes after sexual 
maturity has been attained. 

h. Premature pubescence. Acceleration of the age of puberty was 
accomplished by Smith (1927), who injected fresh anterior hypophyseal 
tissue subcutaneously into young animals. To illustrate, when into young 
rats or mice of 15 days a daily subcutaneous injection of one pituitary 
body was made, puberty praecox followed within a week or less. It 
appeared about 10 to 15 daj^s earlier than is the case with normal con- 
trols. From the standpoint of accelerating puberty in young females, 
similar results may be obtained by injecting the active hormone from 
the ovarian follicles (Allen and Doisy, 1923). 

Similar to the foregoing, but possibly complicated by additional factors, 
are the instances of puberty praecox in man. In Figure 6 is shown the 
Toledo Giant, a case completely reported elsewhere (McClure and Gold- 
berg, 1932). • This boy weighed 81 pounds at the age of years and 
at this same age had attained a height of 49 inches. Possessing great 
strength, the boy took particular delight in demonstrating his muscular 
development by lifting adult men and women. As is usually the case, 
his mental age was not accelerated, and, for the most part, his psycho- 
logical outlook, except when obviously disturbed by adventitious factors, 
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FIOURE 6 
Puberty Praecox 

a K. (middle), age 6 years 1 month, with brother, age 9 years 9 months, and 
sister, age 11 years 0 months. His height is slightly over 4 ft 1 in. and his weight 
is about 81 pounds, or 30 pounds more than the average child of his age and 
height Mental age is 6 years and 0 months. Has great muscular development 
and strength; sexual development like that of a 14-year-old boy. 

[After McClure and Goldberg (1932).] 
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such as those brought about by vicious exploitation of such cases in 
public, was more in keeping with his chronological age than with his 
somatic development. Such cases are of particular interest because they 
show that premature release of growth-promoting hormones brings about 
a profound disturbance in the normal schedule of developmental processes, 
c. Hastening metamorphosis m amphibia* Somewhat similar to the 
dissociated type of development in the case of puberty praecox is that of 
premature metamorphosis in amphibian larvae. The following example, 
quoted from Jennings (1930), will illustrate the point: 

In that group of the Amphibia which includes the toads and frogs, 
at a certain peiiod the tail and gills are lost, legs develop, there 
is an internal and external transformation, and the tadpole metamor- 
phoses into the four-legged frog or toad. What brings about this 
metamorphosis? J. F. Gudernatsch [1912] found that if very - 
young tadpoles are fed pieces of the thyroid gland, they quickly 
metamorphose into frogs, even though as yet extremely small. In 
this way frogs as small as flies were produced. Tadpoles of the 
bull-frog, that usually do not metamorphose till two or three years 
old, were thus caused to metamorphose during the first season of 
their existence, and within two weeks of the time that the feeding 
of thyroid was begun. . . . The thyroid gland produces an inner 
secretion or hoimone, that contains iodine, and that passes into 
the blood and so circulates through the body. The iodine that it 
contains is united with certain organic compounds, and some of the 
effects of its secretions are not producible by iodine alone; this is 
particularly true of its effects in higher animals. The thyroid, like 
other parts of the body, develops gradually, and in the early stages 
of its development it does not produce its secretion. But at a certain 
period it begins to produce its characteristic secretion, and to pour it 
into the blood. And as a result the tadpole transforms into the frog 
or toad. (pp. 113-114) 

Although Jennings is speaking chiefly of the structural transformations 
these organisms undergo, it is important for our present interests to recall 
that to a great extent structural metamorphosis goes hand in hand with 
behavioral metamorphosis in these same amphibian forms, Jennings goes 
on to say; 

The effect of the thyroid hormone thus differs greatly in different 
animals The cells in different species have different constitutions, 
diverse genes; and they react diversely to the same hormone; just as 
diverse parts of the same individual react diversely to the same 
hormone. The effect produced depends as much on the constitution 
of the ceils acted on as it does on the nature of the hormone, (p. 

117) 

3. Nutrition: Its Influence on Behavioral Maturation, One needs 
only to be reminded of the profound influences exerted by the food supply 
upon the rate^ of maturational development as applied to somatic struc- 
tures, That its influence may also be expressed in the determination of 
behavioral development is readily demonstrated by such experiments as the 
following. 

^ a. Synthetic queens in the bee family. One of the most important 
duties of the workers of the bee hive is feeding the young, for the queen 
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pays no attention to their nutritive requirements. Xhe egg hatches in 
about three days; then at the bottom of the cell there lies a little white 
gxnh — the bee in its larval slate. These wormlike larvae are so helpless 
that the workers have to force food into their mouths. The first food 
that they receive is the special “bee-jelly,” a predigested substance forced 
out from the stomachs of the woikers. After about three days the larvae 
which are to develop into workers are given bee-bread, a mixture of 
honey and pollen, whereas the potential queens are fed only the “bee-jelly” 
throughout the feeding stage of the larval state. A larger cell also is 
provided for the queens than tliat permitted to the workers, but aside from 
this no known difference, except that of the food supplied during the 
larval stage, may be said to be responsible for the structural and behavioral 
differences of workers and queens. 

Should accident befall the developing queens, adult workers meet 
this emergency by enlarging certain cells containing worker larvae and by 
beginning to feed these larvae the diet of “bee-jelly.” Thenceforth the 
trend of development changes, provided that maturation has not already 
proceeded too far. The worker larvae ultimately develop int<i queen 
bees and, in the most perfect cases, are very similar to those which were 
developing into queens from the very beginning. Not only do they have 
the primary and secondary characters of normal queens, and thus differ 
markedly from the workers, but also they assume the reproductive func- 
tions of the queen rather than engage in the diverse routine activities of 
the workers. 

b. Accelerating or retarding the time of puberty. It is interesting 
to note that puberty in female rats can be retarded as to age of appearance, 
held in a state of dormancy subject to later revival, or totally suppressed 
throughout the lifetime of the individual by effective control of the diet 
(Evans and Bishop, 1922). Similar experiments with the male are less 
varied and extensive, yet they clearly suggest that the same can be done 
with it. In 1924 and 1925 the author reported a series of experiments 
on male rats in which, by quantitative restriction of a standard diet, their 
body weights were held at maintenance for 20 consecutive days. As a 
result the age of puberty as determined by the copulatory test was delayed 
on the average from 16 to 23 days in groups undergoing chronic inanition 
for 20 days, beginning at the ages of 20, 30, and 45 days. As a rule, 
the earlier the stunting the greater the retardation in age of puberty. 

T^he primary effect of inanition is suppression of the growth or functions 
of the gonads. ^Fhis, in turn, deprives other endocrine glands and the 
nervous system of a hormone which is necessary to their normal functioning 
' in reproductive phenomena. As a rule, the ill effects of inanition arc 
readily corrected by realimentation. 

4. Synchronized Development Paves the Way for Complete and Com- 
pound Native Responses. Through secondary regulation of maturative 
development serviceable maturity may be attained in functionally related 
action systems at approximately the same time. For instance, the newborn 
opossum attains serviceable maturity of the forelimb progression mechanism 
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and the musculocutaneous system of the head rciiiun at the same time, and 
both of them are required at birth to reestablish connection with the 
maternal food supply which was broken oiff temporarily with the severance 
of the umbilical cord. Also, in the chick, quail, and turkey, peckinj^ and 
locomotor mechanisms mature simultaneously, but the flyinjij-mechanism Is 
functionally immature for many days after hatchinj;'. Well known also 
are the coordinated eye and head movements appearin^y in the human 
infant soon after birth, and the eye and hand coordinations which make 
their appearance w'hcn the child normally bep;ins to take in solid foods. 
Apparently these and thousands of other synchronizations which might 
he cited are primarily the product of intra-organ ically regulated develop- 
ment. A hierarchy of primary and secondary regulators determines when 
and in what zones of the bod5 mctabrdic processes will be accelerated, 
thereby giving rise to correlated patterns of behavioral development. 

Dependent and Interdependent Relationships ketween 
Maturation and Learning in Postnatal Life 

Ability of the organism to extend or to elaborate its course of develop- 
ment by training appears to come only alter certain stages of niaturafive 
development have been achieved, piesiimably some time after the motility 
stage has been reached. As a consecpience, learning may begin in dilferent 
regions of the body at different times, because certain zones precetle others 
in their maturative development; for the same reason, learning rate in 
the young may vary greatly in different zones of the body. 

Such experiments as the following provide us with satisfactory evidence 
for the foregoing statements, but, taken alone, cannot he made the liasis 
of widespread generalizations embracing different behavior mechanisms 
in different species of animals. 

L Bvhtwm'd Development When Practice Is Controlled* The one- 
day-old squab cannot stand, walk, or fly. Its hea<{ droops to one siile. 
Eyelids are closed most of the time, but they open when the s(|uab is 

suddenly stimulated, as by tilting of the body. At 5 days of age tlic 

squab hohls its head erect, but not yet does it “fixate’^ objects, although 
the eyes arc open. When about HI days old it fixates objects of the 

optical field, as it is moved from place to place. At 20 days, tlic squab 

can stand but walks very unsteadily. As yet it cannot fly and is still 
fed by the parents. Around the age of 35 days it begins to feed Itself, 
to walk well, and to fly short distances. Before the age of 3 months all 
of the usual cage activities except those pertaining to reproductive 
phenomena arc well developed and the bird is a relatively independent 
creature. Our present purpose in reporting the foregoing data is that of 
gwing the reader a foundation for the experiment by Stoltenberg and 
hearing (1929) which had as its object the correlation of structural 
development, particularly that of the vestibular apparatus, with ability 
to modify reflex responses under standardized experimental situations.*"' 

®Th«se data on squabs were taken from m unpufoltabed paper an abstract of 
which was read at the Imernational Congress of Psychology, Yak University, 1929 
(see Stoltenberg and Fearing, 1929). I am Indebted to Mias Stoltenberg for 
permission to use a copy of this paper while preparing the present report. 
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Stoltenberjy rotated birds on a tuin-table at the aj^es of 5, 10, 20, 35, 
and 90-120 days. Each bird was subjected to rotation 10 different times 
with the direction of turninj^; alternated on successive trials. A trial 
consisted of 10 turns of the table completed in a 20-second period. Suc- 
cessive trials followed at intervals of about 2 minutes and the expeiiment 
as a whole lasted from 25 to 30 minutes for each individual. From 
14 to 16 birds were experimented upon in each of the fne a^e {2:roups, and 
from these averaj 2 ;es were computed. 



Average Number and Average Duration (Seconds) or NysTAirMic Movemen^ib 
Made by Squabs of Various Ages 

Each observation followed 10 rotations on a turn-table. An interval of 2 minutes 
was allowed between trials. During rotation the pigeons were «o anchored to the 
turn-table that only head movements were possible. 

[Unpublished data from Stoltenherg (1929).] 

In Figure 7J is shown the average number of nystagmic movements 
made by each of the five groups after each of the 10 trials. The mean 
lengths of time during which nystagmic movements took place in each 
post-rotational interval are shown in Figure 7B. It may be noted that 
up to 35 days, the approximate time at which squabs leave the nests, there 
is an age increase in both the number of movements and the duration of 
time during which they were made. Also, excepting the 5-day-old birds, 
in which little change was observed, there is a decrease in the frequency 
and the duration of nystagmus. For our present interest it is important 
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to note that the decrement with successive trials increases with up to the 
time the squabs leave the nest (35 daj's) but not thereafter. Tables 1 
and 2 provide numerical data showinf{ this differential modifiability with 
age. Records of the first and second rotations have been taken as repre- 
sentative measures of the unmodified reflex, as studied under the piesent 
conditions, and, likewise, those of the ninth and tenth are taken as a 
fair measure of the phenomenon at the end of the 10 trials. 

TABLE 1 

Average Number of Post-rotational Nystagmic Movemf-nts in 
Difi-erent Age Uroui’s of Squabs 
From 14 to 16 birds were in each group. 


Age of jj;roups (days) 


Rotations 

5 

10 

20 

35 

90-120 

1 and 2 

4.29 

14 35 

24 H9 

33.20 

32.95 

9 and 10 

4.65 

10.53 

17 33 

20.97 

21.85 

Deciease 

— .36 

3.K2 

7 56 

12.23 

11.10 

Percentage 






decieasc 

— •S,40 

26 60 

30 30 

36.90 

33,80 



'PAHLE 

2 



Average of the 

Time Intervals in Which Post RorATiovAi. Nvstv 

rMic Move- 

mknts Were Ohskrved in Differint Ac.r Oroufs of S<iUAH.s 


From 14 to 16 birds were in each group. 


Age of groups (days) 


Rotations 

5 

10 

20 

35 

90-120 

1 and 2 

3,66 

10.75 

19.11 

23.59 

23.56 

9 and 10 

3.67 

8.07 

13.6K 

16.20 

17.13 

Decrease 

— 01 

2.68 

5,43 

7.39 

6.43 

Percentage 






deci ease 

— .27 

25.80 

28.40 

31.40 

27.30 


As yet the analysis of factors ihonjjht to I)c* responsible for this dif- 
ferential effect of rotation within the early ages herein studied has not been 
reported, but it tuay he expected that correlated studies of nystagmic tnove- 
ments and the developinji; vestilnilar apparatus will throw much lij^ht upon 
this important question. Little weight can he placed upon the supposition 
that pre-experimcntal practice can account for the difference shown by 
the birds because opportunity for practice is relatively meager in the 
nestling squab. 

By way of further illustration let us consider a cluster of re.sponscs 
which makes its initial appearance in the adolescent period. In 1<)26, I 
reported an experiment on the initial copuIat<»ry response of 21 female rats 
which had been reared in isolation from the age of 20 days. I lefcrosexual 
(but not autosexual) stimulation of erogenous zones tlius was prevente<i, 
and opportunities for motor and thigmotactic responses invedved in lying 
together in cages, pursuit, pscudo-c(«nbat, and playful wrestling were re- 
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duced to a minimum. In short, the female’s experience was so restricted 
that training: in the novel elements of hetertisexiial behavior and plajful 
rehearsal of the copulatory act as a whole weie out of the (iuesti<ai; yet in 
no wav was the ph>siol(j^ical development, as measured by vsoniatic ;fiout!i, 
interfered with in the least (jbservable (legree. Fortunatelv, lor this experi- 
ment a trained ohseiver nun detect the presence of the recepti\e piiase of 
oestrus with a fair decnxe of accuiacv rehin^ on external cues and without 
the necessit} of any form oi bieedin^ test oi instiiuucntai evanunation of 
the female. 

Of the 21 cases, one h(vame receptive rmly during the davtime and for 
that reason was not tested untler the standaid, niuht-tiine conditions hct 
up for all. One of the olhet 20 females failed to copulate (iu her initial 
test ni^ht, but 10 duvs later, when subjected to the* secoml test, responded 
within 10 seconds after beintc put with the male. Some of tin* femalt^s 
reitpouded appro priai cl \ to the first monnihifj, hut the niajoritv of them 
gave a tjpical sexual response only after two oi tluee mountings of the 
male, the latter following in rapid succession. Had the experimenter be(‘n 
aided by more reiined methoils of asceitnining puxisidv what stage of 
the oestrous cycle each young female was in hefoie placing hi*r with the 
male, there is little reason to doubt that complete responsivemss wotild 
have been obtained in the majority of instances at the iirst mounting bv 
the male. Therefore, making only a small concession to faulty experi- 
mental methods, its seems proper to conclude fn>m the foregoirtg experiment 
that the action systems displayed in this native heterosexual respimse are 
integrated primarily by endogenous factors tvhich control sexual matuni- 
tion. Stimuli of the external environment call them otit only after 
necessary maturative stages have been passed. 

In this same connection attention may be directed to experiments on 
the chick. Bird (1926) has repeated and greatly extended the earlier 
experiments of Shepard and Breed (1913) on the improvement of feeding 
reactions in chicks of various ages and with varying amounts of practice 
at different ages. Especially important are the elaborate controls of the 
experimental situations and the numbers of animals subjected to the tests. 
Among the more important of his conclusions bearing on our present in- 
terests are the following: 

I'he most rapid increase in accuracy of swallowing grains occurs 
during the three iniiinl practice days, whether these three days im- 
mediately succeed the time of hatching or come after a period of 
arthicial ^delay. A part of the increase h attributed to general 
physiological development, which occurs during the first few days of 
postnatal development, which occurs during the first few days of 
postnatal life, irrespective of practice in pecking. Delayed practice 
IS followed by accuracy of swallowing which at the initial test is no 
greater than that observed in one day old animals. 

Another ifidependent investigation on the accuracy of pecking has been 
reported by ^Moseley (1925). She verified the data of Shepard and Breed 
00 , the rel^ttydy complete development of the pecking responi^e at the time 
the young emerge from the $hell, but found a decrease in the rate of im- 
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provement of the pecking response in chicks fed artificially for various 
periods of time after hatching. The latter is contrary to Shepard and 
Breed’s findings. Moseley believed that learning, in the accepted sense <if 
that term, accounts primarily for increased accuracy in seizing objects, 
whereas striking and swallowing are more nearly unlearned responses. 

The unique experiment of Gesell and Thompson (1929), perfonneci on 
a pair of identical twins, throws the relative contributions of maturation 
and training into relief somewhat better than similarly conceived experi- 
ments on the lower animals. Using twins which seemed ideally equated 
at the outset, T serving as experimental subject and C as control, they gave 
to subject T a daily training course in stair-climbing and cube manipula- 
tion for a period of 6 weeks, beginning at the age of 46 weeks. I'he con- 
trol was restrained from practice in these special activities during this time, 
but was tested at the end of the training series to determine the nature 
and the level of its performances in the acts which subject T had practiced. 
In addition, C was given a two-weeks training course in stair-climbing at 
the age of 53 weeks to determine the relative ability of Twins 7’ and C 
to profit from training at different ages and different maturative stages. 
Experimental subject T required much assistance at stair-climbing at the 
outset, but '‘after four weeks of training (age 50 w<*eks) she climbed the 
staircase with avidity and without assistance. At 52 weeks she climhe<I 
the staircase in 26 seconds.” The control twin, ‘‘at the age of 53 weeks, 
without any previous training, climbed the same staircase unaided in 45 
seconds. After 2 weeks of training, at the age of 55 weeks, 'I'win C 
climbed the stairs in 10 seconds” (p. 116). 'Fhe authors c(»nclude that 
superiority of the control in stair-climbing at the age of 55 w(‘eks, and 
with only one third as much practice as given to the experimental twin, 
must be ascribed to the maturity advantage which three weeks of aging 
affords. 

The following quotation indicates the comparative results of cube be- 
havior. 


A day-by-day analysis of this cube behavior showed a trend toward 
daily changes and increments in prehension, manipulation, and ex- 
ploitation. At the close of the training period, however, the cube 
^havior patterns of Twin € were highly similar to those of Twin 
T, It was impossible to demonstrate any significant influence of 
training upon the cube behavior patterns of Twin T. . . . The simi- 
larity in patterns of cube behavior was confirmed by a time-space 
cinema analysis of the prehensory reactions to cubes under experi- 
mental conditions at 42, 52, 63, and 79 weeks of age. (p. 117) 


Numerous other pperiments, semi-crucial in nature, have been per- 
formed on children in recent years to determine various relationships be- 
tween maturative^ processes and ability to profit from specific kinds and 
amounts of training. Tl he literature of this subject, however, is more 
properly the province of another author of the present volume (sec Chap- 
ter 11.) 

2. 0 / Learninff in Relation to Chronological Age in Different 

Species, Although space does not permit our developing the point, we may 
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State that the age of maximal rate of educability is not attained at the 
same points of the total life-course in different species of animals. In this 
respect it is like the individual action systems which develop with charac- 
teristic tempo and sequence in individuals of the same species but whose 
tempo and sequence may vary widely from species to species. As will be 
discussed elsewhere (Chapter 11), maximal learning ability in white rats 
for typical maze and light discrimination problems seems to be attained 
when they are from 1 to 3 months of age, or at a fraction of the rat’s life- 
span corresponding roughly to 3 or 4 years of age in children. Moreover, 
most of the familiar animals about us attain their intellectual and motor 
maturity very precociously, as compared with man. This is a meaningful 
fact if we but recall that the lower animals begin to shift for themselves 
much earlier than the offspring of man. Maximal learning ability seems to 
be attained, as a general rule, near the time each animal takes up an in- 
dependent existence or one that is relatively free from paternal provisions or 
guardianship. 

Individual differences in developmental rate within species are^ well 
known. Some types of these may be attributed to differences in intra- 
organic and others to extra-organic regulation, as has been clearly estab- 
lished by numerous studies of mental development in man (National So- 
ciety for the Study of Education, 1928; Murchison, 1933). 

3. Learning, or Secondary Elaboration of Maturativc D envelopment. 
That some optimal amount of practice or use of an immature action system, 
per S0^ accelerates (possibly retards?) maturatlonal rate in the higher 
animals is quite generally believed by trainers and teachers. But, so far 
as known by the author, no crucial evidence supporting this hypothesis has 
been forthcoming. What seems to be more in line with all of the 
scattered information on development is the supposition that learned 
responses neither accelerate nor retard maturative development except as 
they affect the general metabolic processes upon which somatic growth and 
maintenance depend; at all times, the products of maturative <Ievelopment 
determine where in the body and at what rates organization and reorgan- 
ization by the process of learning may take place. 

Subscribing to the foregoing point of view docs not entail valuation of 
the learned and the unlearned responses; when both are observed in nature, 
both appear to be indispensable to the life or well-being of the organism. 
Through maturative development many of the basic life adjustments of 
each individual to the forces of its native habitat are made ; through learn- 
ing, as here defined, these adjustments are refined, extended, and in- 
dividualized. 
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CHAP'J'ER 9 


LEARNING : 11. THE FACTOR OF THE CONDI- 
TIONED REFLEX' 

Clark L. Hull 

Yale U aivenity 
I KTRODUCTION 

In one sense the conditioned reflex is not a new discover}^ Indeed, it 
is notidnjij nioie tium a special case of association by contij^uity, which 
principle has been leco^nized since the time of Plato*^ and Aristotlec* 
Until recently, however, the major emphasis of association theory has been 
upon the association of ^*ideas,’^ though most \vi iters on the subject have 
recoj^ni'/ed the fact that associations could be set up between sensory 
stimulations and motor reactions. Tims John Locke (1690) tells of the 
man who learned to dance in a room where there happetied to stand an 
old trunk, only to find that he could not dance in a normal manner any- 
where else unless a trunk of similar appearance was present. 

Diuinjij the two and one-half centuries since the bej^inninj^ of the 
English association movement there has been a slow but fairly constant 
tendency for associationisin to stress more and more the aspect of physical 
reaction. I'his has reached its logical limit in the behavioristic psychology 
of Ameiica, which, despite its migration to another continent and its gen- 
eral repudiation by present-day English psychologists, is a genuine and per- 
fectly natural evolution of English associationism.** 

I'ho first strictly experimental observation concerning the conditioned 
motor reflex appears to have been made by Twitmycr in 1902, at the 
University of Pennsylvania, as an incident in an experiment directed to an 
entirely different end. His experimental procedure was so arranged that 
frequently a bell sounded sh<;rtly before the familiar knee-jerk was evoked 
by a blow struck on the patellar tendon. It happened that on one oc- 
casion following numerous paired stimulations of this sort the bell sounded 
without the usual blow. The experimenter noted with some surprise that 
the knee-jerk took place apparently the same as if the blow had been given. 
Further investigation confirmed the paradoxical results thus accidentally 
observed. Moreover, careful (piestioning elicited reports from the sub- 
jects that the reactions thus executed were ciuite non-voluntary and unin- 


. '*The writer i» greatly indebted to l>r. S. A. Switzer for assistance in the 
preparation of this summary. 

, *Flato, sees. 73-76 * 

, ^ristotle, jD^ anma, Book H, ebap. t2; Book III, chaps. 2-4. 

^he extreme slowness with which the reactive aspect of associationism came to 
doubtless be attributed in large part to religious influences, 
, particularly ^dhm theolopkum which has ever been directed against anything 
Which' savors too much of the physical, i.e., of materialism. 
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tentional. Twitmyer followed up these chance observations with a seiies 
of systematic experiments on six subjects by means of whicli the jienuine- 
ness of the phenomenon was proved. These results established further 
the facts that the conditioned reactions could be evoked after fjoin 30 to 
230 paired stimulations, that the reactions followinp; the bell alone tended 
clearly to be weaker than those resultinp^ from the blow% and that, in 
g:enera], various collateral conditions such as motor tonicity, sensory 
stimulation, etc., influenced the two types of reaction in a substantially 
similar manner. He even saw the possibility of differentiatinji; the two 
forms of reaction by a determination of their respective latencies (p. 36), 
an experiment which was to take place “in the near future.’^ Apparently 
this plan was never carried out. Instead, this extremely promising be- 
ginning was buried in a privately printed thesis mainly concerned with a 
very different subject, and with a title giving no hint of its exceedingly 
significant findings. 

A still earlier experimental observation of conditioning, in this case a 
spontaneous secretional one, suffered a somewhat similar fate. As long 
ago as 1852, Bidder and Schmidt repoited that “the offering of food to a 
hungry dog is sufficient to cause a flow of gastric juice from the empty 
stomach.” 'Fins observation, while also fully substantiated experimentally, 
was so far in advance of its time that no attention was paid to it until 
the decade preceding 1897. During the latter period, Ivan P. Pavlov, 
the famous Russian physiologist, while investigating the digestive secre- 
tions, encountered an exactly similar !nanife,station. I'he secretions thus 
obtained were at first called “psychic” reactions, to distinguish them from 
the ordinary physiological secretions resulting from the presence of foo<l in 
the stomach. 

Pavlov’s methods of investigating the digestive processes are notewortliy 
because of their bearing on the procedures which he later employed in 
studying the physiology of the nervous system. In general, they depended 
upon surgical operations whereby the various digestive secrctfons might he 
diverted from their normal course in such a maimer as to flow from the 
surface of the body, where they might be collected, measure<l, and analy/.ed. 
Thus, by means of a delicate operation, he was able, without disturbing 
either the nerve or blood supply, to segregate approximately a tenth of the 
interior of a dog’s stomach from the main portion. Moreover, he succeeded 
in so joining the lips of a perforation in this small artificial stomach to the 
skin outside the dog’s abdomen that the two grew together, leaving a 
permanent fistula or opening. Through this fistula the gastric secretions 
could then be studied with relative ease and quite uricompHcatcd by ad- 
mixture of food materials. 

In some animals the main portion of the stomach was also connected 
with the outside world by means of a second fistula. This latter opening 
was so placed that food eaten and swallowed by the animal in a norma! 
manner would presently fall through it and drop upon the experimental 
table. Through this fistula it was also possible to introduce food into the 
stomach without the dog’s knowledge, which enabled Pavlov to study the 
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pr( 3 cess of cii[i;estion uncompliaitcd by the asuiil ps\cliic sccietion. In home 
cases the esophagus of the dog was also cut and the two open ends ginwn 
to the skin on the outside ol the nt'ch.^ This last aiiangeinent peiinitted 
what is known as sham f<*cding: I he food when swallowed would 
pass out through the skin of the neck and tall on the expenmental table 
instead of into the stomach. 

By utilizing these vaiious eKperiincntal piepaiations m an ingemcnis 
manner, Pavlov was able l<» show that the "psychic’’ secretion is an 
essential component of the normal digestive process. 1 he total ainount oi 
gastric .secietion foi the hist tour liouis aftei a noimal feeding of meat is 
represented by graph J of Figure 1. (Iraph B show's tlie anujiint secieted 



Pavlov's Graphs PoR'ntAViNO His Experimentai. Isoi.ation of tuk PHyAi<n.oGicAL 
AND THE “Psychic” Components of run Normal Gahi^ric Secretion 
A, ordinary curve of gastric secretion (200 gms, 6csh) 
iJ, curve from direct introduction of food (150 gms. flesh) 

C, sham feeding with same 

D, summation of B and C 

(From Pavlov, 1910, p. 101.) 

during a similar period when the meat was placed in the stomach without 
the dog’s knowledge. It will be observed that in this graph the total 
amount of secretion at each hour appears to be distinctly reduced, especially 
that of the first. The absence of the psychic component is thus plainly 
evident, (rraph C shows the amount of hourly gastric secretion which re- 
sulted from a mere sham feeding. The secretion under these latter con- 
dition® mu8t> of course, be purely **psychic.” While less in aggregate 
this secretion is characterized by a perceptibly larger amount dur- 
i|ig; the first hour than resulted when the food was placed in^ the stomach. 

. Indlpiedi % ‘^psychic’" secretion is reported as normally beginning about five 
ater the sham feeding, whereas the secretion initiated by the mere 
presence of the , meat in the stomach is ‘stated to have begun only after a 
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delay of twenty-five minutes. Finally, graph D reprchcnts a summation of 
the values shown in graphs B and 6’, i.e., it represents a kind of arithmeti- 
cal synthesis of what might be expected to be a normal .NCTieiion on the 
assumption that the two components thus expcrimentallv isoIate<I ate com- 
bined m the normal secretional process. It will be seen that this s\nthesis 
bears a striking resemblance to the normal seciction shown in graph //, 
Pavlov regarded this as an experimentum truth. 

The above results arc still more striking when viewed in the light (it a 
control expel iment involving the sham feeding of clean (juart/. p(!hhh‘s 
carried out on a dog which had obligingly learned to eat them like ordinary 
food. No gastric secretion whatevei w^as observed under such circum- 
stances. 

Pavlov early observed that the so-called ^‘psychic’’ secretions differed 
from the regular physiological secretions in being dependent upon a ctin- 
siderable number of ronditians or attendant circumstances, particularly the 
previous histoiy of the animal, 'i'his led him to state that the psychic 
secretions were conditional reflexes, whereas the physiological secretions 
were unconditional reflexes. From this has grown up the somewhat 
illogical custom in English-speaking countiies of calling such reactions con- 
ditioned reflexes. From many points of view the practice of Vladimir 
Bechterev, a Russian psychiatrist v/ho was a contemporary and rival of 
Pavlov in this field, is to be prefen ed. lie called such reactions asunta- 
tion reflexes. 

Since about 1004, when he received the Nobel prize in medicine for his 
work on the digestive glands, Pavlov has devoted the energies of himself 
and a large number of his students almo.st (?xclusivel.v to th(! investigation 
of the physiology of the nervous system. His subjects have Ix^en dogs, and 
the tool employed has been the conditioned reflex. The reaction utilized 
has been almost exclusively that of salivary secretion as contrastecl with the 
motor response employed by Bechterev (1913). One or more of tlie 
salivary ducts has been diverted so that the saliva could flow through a 
fistula outside the dog’s mouth. The fistula for the parotid gland is on 
'the cheek, that of the submaxillary gland under the dogV chin. Because 
lof its favorable location the former has been the more widely employed. 
The saliva was collected by means of a specially constructed celluloid 
funnel or glass bulb cemented tightly over the fistula. In the early days 
a slender graduated glass vial was sxispended from the bulb by a wire 
in such a way that the saliva would flow into it as secreted. Sometimes 
the experiment was so arranged that the drops would fall on a small 
platform so delicately poised that it would be actuated by the impact of 
each drop in such a way as to make a special mark on the smoked paper 
of a moving kymograph. Thus there was obtained an objective and de- 
tailed record of the progress of secretion. Figure 2 shows a drawing of 
this experimental arrangement. 

As Pavlov’s experimental work progressed, however, it was discovered 
that the conditioned reflex is an extremely delicate phenomenon which is 
susceptible to disturbance by the most minute of uncontrolled stimulations. 



386 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOIvOGY 



FICUJKE 2 

Dia<;rammatic Rfpriisenta'iionj of an Kari.y Apparatus Arrangement P'mployed 
IN GoNi>moNiK<; the Aijmentaiu Sai.ivary Reflex 
{From Vcrkcs and Moigulis, 1909.) 

As a result^ an elaborate laboratory was final 1} built which protirtcd the 
animals fr<mi substantially all stimulations except those specifically (nn- 
ploycd in the experiment. 'Fo this end the animal occupied oik* room and 
the experimenter with his apparatus controls occupied another. 'I'his is 



FIGURE % 

Views Showing the More Recent Experimental Arrangement Employed in 
Pavlov’s Laboratory for. Conditioning the Salivary Reaction 
The left vievr shows the* experimenter’s room and the right view shows the ani- 
paal’s room. In the former, note the elaborate system of controls before the ex- 
perimenter. By means of connections between these and the apparatus in the 
animal’s room, the various stimuli are administered without the stimulus complica- 
,1 tions which would result from the presence and activity of the experimenter’s 

body. 

(From Pavlov, 1927.) 
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illustrated by Figure 3. The animal is viewed through a periscope, and 
all stimulations are administered mechanically. 

Another improvement has been introduced — a precise method of measur- 
ing the flow of saliva. This is based on the principle of the movement of a 
colored liquid along a graduated glass capillary tube by the pressure of the 
secreted saliva within the closed tubular system. This can be made delicate 
enough to register one-tenth of a drop. In some cases a special electrical 
device recorded on smoked paper (p, 388) (Anrep, 1920, p. 372) the 
progress of the secretion in drops of small and uniform size (.01 cc.). 
Such a record is reproduced in Figure +. 




FIGURE 4 

A Smoked-Paper Record ok the Drops of Saliva Obtained on One ok the 
SO-Second Tests ok the Stoknoth ok tiik Conditionino Tendency 
Obtained by Anrep While Condition ino a Dog to a 
Tone of 637.5 Vibrations per Second 

A special combination of air currents and electrical contacts insured that each 
vertical mark represents a drop of saliva of exactly .01 cc. The first stroke 
beneath the line represents the beginniiiig of the tone; the second, the termination 
of the 30-second period ; and the third, the giving of the biscuit powder. 

(From Anrep, 1920*) 

Bjusic in the conditioning procesh is what is known as the uncundithned 
reaction, _ This is regardeil as innate or unlearned. 'I'he stimulus which 
evokes this reaction is called the unconditioned stimulus. Pavlov, despite 
the fact that he employs only salivary reactions, has utilized two distinct 
unconditioned reflexes. I'he most fre<iuently used one is what he ctills 
the alimentary reaction, a relatively viscous .secretion containing much 
mucin which aids the swallowing proces.s by lubrication. This type of 
secretion normally follows the presence in the mouth of meat powder, 
biscuit powder, and indeed almost any food substance. The second re- 
action is a profuse flow of relatively thin, watery saliva following the 
unconditioned stimulus of dilute acid placed in the mouth. 

The stimulus which acquires a new reaction in the conditioning process 
is called the conditioned stimulus. Examples of conditioned stimuli fre- 
quently employed by Pavlov and his pupils include the .sound of a bell, tbe 
tone of a tuning fork, and tbe flash of a light. 

Two Typical Conditioneo-Refusx Expkrimijnts 

A Conditioned Secretional Reaction. An example of a simple con- 
ditioning experiment characteristic of the Russian work is seen in an in- 
vestigation reported by Anrep (1920). A tuning fork of 637..‘5 vibrations 
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per second was first sounded f(»i rn(‘ seconds. Two oi thiee seconds atlei 
the termination of the tone a plate containing a nieasuoai puiiioii at 
powdeieci biscuit was automatically mo\t*d fon\aid \u*tliin leach of the 
animal’s mouth. When the do;*: had iinished ealinu;, the plate uas 
niechanicallv \vithdHn\n behind the screen. Such paireii stimulations were 
ji,ivcn at inteivals ot ftoin 5 to 35 minutes Eacli e\pennienial occasion 
lasted from one to ttvo hours, duiin^i. wdiich peiiod on llie a\eia^e only 
about three stimulations weie ;;iven. Occasionalh durin;*: th<‘ piocess, in 
ordei to test the progress oi the conditionin.ii:, the tone \rould he sounded 
continuously foi 30 seconds and the flow of sain a iccouled i^iraphically 
(Fi^^iue 4), after which the biscuit powder would he i^iven as iHuah 
llte results ot the tests throughout one typical (‘\peiini<*nt aie shown 
in I'able 1, Natunillj the test at the first combined stimulation showed 

'FABLE 1 

RBCORI) oi TIU; AcatUSmON OF A CONDITIONKI) S\I.IVARY RkM.I-X BY AMfU-.F’S I)OG 

No. 4 

(From Anrep, 1920.) 


Working days 

Number of eom- 
bined stimulations 

Stiength of 
reflex in number 
of drops secreted 
in 30 seconds 

Latent pciiod 

1 

1 

0 


3 

10 

6 

18 

7 

20 

20 

8 

10 

30 

6{f 

2 

13 

40 

62 

I 

16 

50 

59 

2 


no secretion* By the tenth reinforcement, however, 6 drops of saliva were 
secreted, but the secretion did not begin until the tone had sounded 
eighteen seconds. By the twentieth reinforcement, 20 drops were secreted 
with a latency of eight seconds, and by the thirtieth paired stimulation the 
conditioned reaction appears to have been fully established with a total 
flow of 60 drops. 

It is especially to be noted that, from the thirtieth paired stimulation on, 
the salivation commenced only one or two seconds after the beginning of 
the tone, whereas during the regular conditioning process the biscuit 
' powder was not presented until seven or ei^hi seconds after the beginning 
of the tone. This means, of course, that the conditioning process not only 
resulted in the acquisition by the conditioned stimulus of the power to 
evoke in the organism a new adaptive reaction, but that, as an essential 
characteristic of its adaptiveness, the reaetion precedes or anticipates the 
, originaily giving rise to it. We shall have occasion to refer to 

: ‘ ||^;j|(^henoiinenon and its significance later (p. 433)* 

Motor Reaction. A second conditioned-reaction ex- 
v' /to this case involving a motor reflex and typifying 

approach* is seen in an unpublished investigation 
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by Hilgard and Marquis. The reaction conditioned is the reilev wink 
to a sudden puflE of air directed aj>ainst the rijrht e\ehaIL Naturally, the 
head of the animal must be held practically n^id in older to be certain 
that the movements recorded shall be those of the lid ratlier tlian of the 
head or of the body as a whole. In order to accomplish this, the body of 
the animal, except for the head, is enclosed in a box. The head itsedf 
is held rigidly, as shown in Figure 5. Light but rather stiff strips of paper 



FIGUEE 5 

A Portion of the Apfaratus Arranoement Employed by Hiloard and Marquis 
IN Their Investigation of the Conditioned Lid Reaction in the Dog 
The animal’s head is held rigidly to the top of the box ctmtaining his body 
by wooden brackets padded with thick pieces of porous rubber. The uncondi- 
tioned stimulus, a puit of air to the right eye, is delivered by the tube T. A ‘*Y” 
in the tube leading to T ends in a tapering glass tube T\ This ends just beneath 
the strip of paper P, which casts across the vertical lens of the Dodge photo- 
chronograph the shadow S* The two artificial eyelashes attached to the dog^s 
lids are in such a position with respect to the source of illumination that they 
cast across the slit of the recording apparatus the shadows S' and S". Fine 
threads, 1 millimeter apart, are stretched across the sUt of the apparatus; these 
cast the^ additional shadows which appear as white horizontal lines on the records 
shown in Figure 6. The white vertical lines are produced by momentary inter- 
ruptions of the light source caused by successive spokes of a rimless wheel revolv- 
ing at a constant speed such that one spoke passed every S thousandths of a second. 
Every tenth spoke has an extra width which causes the wider white lines seen 
in the records. In order to enable the latter to he read from left to right, it was 
necessary to invert them in Figure 6 so that the “puff'* shadow appears at the 
bottom instead of at the top, 

(Reproduced by permission of Hilgard and Marquis) 
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about one and one-half inches loni*; are attached somewhat like artilicial 
eyelashes to the respective upper lids of the dog by means of an adhesive. 
I'he animal is tlien placed in such a position that these strips of paper are 
in line with a beam of light which is projected into the slit of the Dodge 
photochionograph.*”’ This instrument is so constructed that shadows such 
as those made bj the artificial eyelashes are recorded as broad white lines 
on a piece of photographically sensitive paper (Figure 6) which is made 
to pass in an aic behind the slit. The conditioned stimulus is a blight 
light flashed dnectly into the eye of the dog. The beginning of this 
stimulus in indicated by the dark band at the top of the record. Each ex- 
perimental session lasts approximately 60 minutes, during vehich time 65 
stimulations are noimallv administered. 

dlie vaiious stages of the conditioning process are revealed in a rc- 
markahlv peifect manner by the photographic records secured by this ex- 
perimental procedure. I'hree recoids chosen at characteristic points in 
the process are reproduced as Figure 6. 'Iliev aie to he lead from left 
to right. 'The vertical lines on the rccoiil maik off periods of S thousandths 
of a second each. Record J sliows the reaction of the lid to the condi- 
tioned and the unconditioned stimuli respectively at the beginning ot the 
conditioning process. It should be noticed at the outset that the so-called 
conditioned stimulus (riie light) is not really a neutral stimulus, as a less 
sensitive recording system might have permitted one to suppose, but causes 
a slight reflex of its own which appears at the point /i/,. A count of the 
vertical time lines of this record shows that the light reflex took place 85 
thousandtlts of a second after the beginning of the light, which is a normal 
latency. Passing now to the right of the record, it will be observed 
that the puff of air gave rise to a relatively large movement of the right 
eyelid (Rp), but to practically no movement of the left one. A count 
based on tlu* vertical time lines sho%vs that this reaction took place in the 
remarkably short time of 20 thousandths of a second after the onset of 
the puff stimulus. 

After numerous such paired stimulations as those shown in record A,, 
the dog was found to give reactions like those shown in record J?. In 
this record we find both lids still showing slight unconditioned rcjictions 
to the light, and the right lid, particularly, showing a vigorous reaction to 
the puff of air. There is, however, the new phenomenon of an anticipa- 
tory lid reaction (CR) substantially resembling that of the true reflex but 
beginning some 190 thousandths of a second preceding the puff itself. This 
is the conditioned reaction. 

Passing now to record C of Figure 6, we may observe the final phase of 
the conditioned reflex. Here we still find the slight reflex movement to 
light at 90 thousandths of a second, which is followed by the conditioned 

reaction (CJ?), as in record after a further interval of 80 thousandths 

‘ 

, , in^itrument (Dodge, 1926) is essentially a heavy compound pendulum 
behind a screen provided with a narrow slit A piece of sensitiaied 
paper attached, to the bob of the pendulum records all lights and shadows playing 
on the slit as the bob swings by in its arc-shaped excursion. 
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FfGUKE 6 

Records Showinij Characteristic Staiiks in the Process of Conditionincj th 
Eyelid Reaci’ions op a Doo to Light 
paired stimulations at the outset of the conditioning process 

Bf paired stimulations after conditioning has taken place, showing both the condi 
tinned reaction (CR) and the unconditioned reaction (reaction to puff <»f aii 
^P) 

C, the conditioned reaction uncomplicated by reinforcement, i.e., the uncondi 
tinned reaction to puf of air against the right cyehail 

(Reproduced with the permisson of Hilgard and Marquis) 
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of ii second, 'fhis lime, however, the I'onditioned reaction appears by 
itself, uncomplicated bv the unc<»n<iuioned reaction to the puiT of air. ^ 

In addition to showin^ the details of the conditioning process^ in a 
pcculiarl) complete and peifect manner, the records leproduced as Fi[i:uie 
6 illusliate two iiupoitant pimciples involved in the development of con- 
ditioned reactions. 'I'he fiist is that tlie conditioned stinuihis does not 
neccssaiily lose its unconditiimed tendency when, during the process of 
conditioniriji, it aciiuires a new excitatory tendency. I'his is shown in 
rccoids B and C In the fact that the lij^ht reflex appears to he quite as 
viiroious as in recoid .7 (Hilf^ard, 1931, p. 38), which was taken preced- 
in'*: the conditioning process, Hiis is important in the lifiiht of l^avlov’s 
apparent belief to the contraiy (1927, pp. 29 ff.). 

'I'he second observation is that, despite the j^ieat dissimilarity between 
the process involved in the Aniep experiment and that of the present one, 
the tend<‘ncy of the conditioned reaction to anticipate the unconditioned 
stimulus is ajj:ain appar(‘nt. In the present experiment, however, the bio- 
lop:ical sij^nlficance of this anticipation is peculiarly evident. I'bc puff of 
air on the ri^ht eyeball may be rejj;arded essentially' as an injurious stim- 
ulus, 'I'he conditioiual lid closure as shown in rectird B anticipates the 
onset of this nocuous stimulus in such a way that the lid is closed more 
than it tenth of a second before the puff of air takes place, 'fhe sip:ni- 
ficance of this primitive automatic ailaptive mechanism thus effectively 
demonstrated can hardlv be overestimated. It will be discussed later 
(p.433). 

RKAcrnoNS Warca Have Been Conditioned 

27/e Knee-Jerk. All of the experimental work on conditioning: the 
knee-jerk appears to have utilized human subjects. The pioneer study by 
7Vitmver has already been mentioned (p. 382). Other studies in this 
field have been reported by Shcvalev (1926), Cornil and Cjoldenfoun 
(1930), Schlosberj? (1928), Switzer (1930), and Wendt (1930). 

Wendt’s study is the most elaborate of those performed up to the 
present time. 7 Vo stimulus hammers were permitted to fall in succession: 
first, one hammer fell on the left tendon and, after a period varying 
around a fifth of a second, another hammer fell on the right tendon. The 
reaction was recorded mechanically on smoked paper by a lever system 
which was actuated by the thickening of the quadriceps muscle, the one 
chiefly involved in this reaction. Typical tracings of the knee-jerks ob- 
tained in this way previous to conditioning are shown in record Ay Figure 
7* This record is to be read from left to right. The lower tracing is 
from the thickening of the left quadriceps; the upper, that from the right 
qttadriceps. The wavy line between is the tracing made by a stylus at- 
liac^h<!id to one tine of a tuning fork vibrating 50 times per second* Just 
of the rise in each muscle-thickening curve may be seen a small 
notch. This marks the point at which the hammer hit the tendon, 

, number of stimulations, the right quadriceps usually 

fce^n,; to ,$how,^ reactions partially superposed on, and following, 
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Records of Quadriceps Muscle T!'niCKENiN<js P8Evir>us to aki> after the Procdme 
OF Conditioning the Knee-Jerk oe the Right Leg to a Bi.ovv on 7 he 
pATELt.AR Tendon of the Lei^t Leg 

The wavy line in the middle of the lecord in the tracing from a 50-vi!>ratxon 
tuning fork. The tracing above this is of the right leg; that below i.H of the left 
The impact of the hammer on the tendon is shown hy a .small notch shortly 
preceding the reflex thickening of the musde In six of the eight tracings. K<fcord 
// iepre,s<*nts the uncorulit'oried reaction to the t lows -n respective t^outons 
before conditioning took place, and records B, C, and U show the conditioned 
reaction on the right leg under various circumstances. 

{From Wendt, 1930.) 

the unconditioned reaction. Such a comhinctl reaction appears as the tvx^o 
waves in the upper tracing of record IJ; the first wave is the uncondi- 
tioned reaction, the second the conditioned reaction. I'he upper tracing 
of record C .shows a thickening but without the usual preceding notch, 
which thus marks it clearly as a conditioned reaction; the stimulus was 
the blow delivered to, and possibly in part the reaction of, the other leg. 
A careful comparison of the contour of this reaction with that of the true* 
reflexes reveals a aualitative difference. Wendt reports that the type^ of 
contour characteristic of conditioned reactions is also characteristic of 
voluntary kicks. 

Lastly, it may be observed that the unconditioned reaction natural to the 
conditioned stimulu.s, the kick of the left leg, has not been lost in the 
conditioning process ^sincc it is present with considerable amplitude in 
record.s H and C\ The conditioned reaction may be evokedi, however, in 
.cases where the unconditioned reaction to the conditioned stimulus is 
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almost entirely lacking, as is illustrated by record D. The blow delivered 
against the left tendon is indicated in this record only by the small notch 
at the extreme lower left-hand corner, but hardly a trace of an \incondi- 
tioned reaction to it is discernible. 

The Plantar Reflex. Shipley (1932) has recently reported the condi- 
tioning of the plantar reflex in man. This reflex involves a flexion both 
of ankle and of toes. The normal stimulus evoking the reflex is the slow 
movement under pressure of a blunt point along the sole of the foot ovet 
a path indicated by the arrows in part C of Figure 8. The reactions were 



FIGURE 8 

Drawing Showing Ankle-Movement Recorder; R, Toe-Movement Recorder; 
AND C, Path of Stimulation 
(After Shipley, 1932.) 

recorded automatically by pneumatic pressure transmitted to Marey tam- 
bours connected with the receiving devices pictured at A and B, respec- 
tively, in Figure 8. A characteristic record from such an experiment is 
reproduced as Figure 9. Shipley reports that, of ten subjects used in the 
investigation, seven showed conditioned toe movements. Three of these 
shoyved, in addition, conditioned ankle reactions. Three subjects showed no 
conditioned tendencies whatever. In some cases the conditioned reactions 
appeared as a movement in a direction opposite that characteristic of the 
unconditioned reflex. 

The Abdomiml Refleni. The abdominal reflex is evoked by a stimula- 




Ankle Movement 
Toe Movement 
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FIGURE 9 

Reproduction of Typical Record Showing Conditioned Pi.antar Reaction 
Ankle flexion is represented by downward, and toe flexion by upward 

movement. 

(After Shipley, 1932.) 

tion very much like that described for the plantar u*fle.v e.vccpt that It is 
applied to the abdomen a little to one side of the umbilicus. T'he total 
reaction to this stimulus is somewhat complex. T'he component usually 
referred to as the abdominal reflex is a homolateral deviation of the linea 
alba and the umbilicus. _ In addition to this, however, there also results 
a slight but characteristic shrinking movement which consists of a simul- 
taneous withdrawal and tensing of the abdominal muscles. A preliminary 
attempt was made to condition this reflex by Robert R. Sears and Donald 
G. Marquis, in the writer’s laboratory, but no report of the experiment 
has as yet been published. The subject lay on his back with the abdominal 
region exposed. The abdominal movements were recorded on a kymograph 
by mechanical markers connected with three threads which, in turn, were 
attached by adhesive tape to a single spot of skin on the region in question. 
The course of the threads from their common point of attachment w'as 
varied in each case in such a way that each mediated a record in a dif- 
ferent dimension — dorsoventral, longitudinal, and transverse. The condi- 
tioned stimulus was a buzzer. Three subjects were employed. No con- 
ditioning of the specific lateral abdominal reflex was observed, tliough after 
over a hundred paired stimulations the dorsoventral or shrinking component 
showed a slight conditioning in one subject. 

An extensive attempt was made by Garvey 
(1932fl) to condition this reflex to the sound of a buzzer. T'he uncon- 
ditioned stimulus was the sharp tap of an automatic hammer falling 
pendulum-wise against the Achilles tendon. Reactions were recorded on 
the smoked paper of a kymograph by a mechanical marker which com- 
municated by means of a stout thread with the toe of the subject’s shoe. 
In some cases the buzzer preceded the hammer by a brief interval ; in some 
eases it coincided with the hammer. Twelve subjects were used. With 


Buzzer 

Foot Stimulator 
,5- Sec. Interval 
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some of the subjects five hundred or more paired stimuli were employed* 
Only four or five conditioned reactions were obtained in the entire investi- 
gation. The results thus showed scarcely any evidence of ordinary con- 
ditioning. So far as the present evidence goes, the Achilles reflex appears 
to be one of the most difficult to condition of any investigated. 

Reflex Withdrawal from a Painful Stimulus.^ The reflex withdrawal 
of a portion of the body from the source of a painful stimulus, usually an 
electric shock, has been very widely used in conditioning experiments. 
This was the basic procedure long employed by Bechterev and his students 
and is probably the most frequently used of any one method in America. 
With animals it has been customary to press one of the feet to a metal 
plate or grill by means of a spring attachment. The grill is wired in 
circuit with an induction coil in such a way as to deliver a shock to the 
member in question, which causes the foot to lift. A cord usually extends 
from the animal’s foot to a marker in contact with the smoked paper of a 
kymograph in such a way that any movement of the foot is automatically 
recorded. This general experimental procedure has also been employed bv 
Watson (1916) with the dog and extensively by Liddell (Liddell and 
Anderson, 1928, 1931) with sheep and several of the other domestic 
animals. 



FIGURE 10 

A Boo WOT Right Forkpaw on an Electric Grill as in Experiments Where 
Motor Reactions Are Conditioned 

When shocked, the foot lifts. Suitable cords attached to the foot record the 
movements automatically on the smoked pajier of a moving kymograph. Note 
the pneumograph around the dog^s chesty 
(From Watson, 191^.) 
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With human subjects the shock has usually been delivered to the end 
of one or more of the fingers. The most widely used recording device is 
that invented by Watson (1924). The heel of the hand rests on a broad 
electrode (Figure 11), and the tip of the finger on another. When the 



'SECONDARY OE (NDUCTOmUl* 

FIGURE 11 

Drawing of Watson's Apparatus for Conditioning the Rei-lrx Withdrawal 
OF THE Hand to the Electric Shock 
(From Watson, 1924.) 

shock is received the finger jerks away from the electrode, I'his act, 
through the saddle resting upon the finger and connected with the receiving 
tambour, sets up a disturbance in the air pressure of the recording system, 
which causes a corresponding movement of the recording tambour. A 
record of a complete conditioning process involving the withdrawal from 
a nocuous stimulus is shown in Figure 12. In this record, R represents 



FIGURE 12 

A Record of the Process of Commomm the Finger-Withdrawal Reaction 
AND Breathing Disturbances, a$ Evoked by an Electric Shock, 

TO THE Sound of a Bell 
For explanation see text. 

(From Watson, 1916.) 

the finger movement, F represents the occasions when the induction shock 
(unconditioned stimulus) was delivered, and P {bell) indicates when the 
bell (conditioned stimulus) was sounded* It will be observed that the 
shock accompanied the bell on the first 13 occasions. On the fourteenth, 
however, the bell was given but no shock was delivered. It wit! be noted 
that on this occasion a finger movement took place, as is indicated by 
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characteristic downward deviation of the upper line. This is the first 
conditioned reflex elicited. The fifteenth bell was also unaccompanied by 
a shock, but this failed to evoke a reaction. The same is true of the 
seventeenth. The twenty-second bell, however, was also unaccompanied 
by a shock, but this time the finger was withdrawn.^ 

This general procedure has also been employed by Hamel (1919), Scott 
(1930), Wolfle (1930, 1932), Shipley (1929, 1933), Garvey (1932i, 
1933), Switzer (1933), and others. Garvey has made the technique some- 
what more sensitive by having the first two Angers of the hand each depress 
a flat steel spring about a quarter of an inch. The springs are placed side 
by side and constitute the electrodes. As usual, they arc wired m circuit 
with an inductorium. 'Fo one of the springs is attached a thiead which 
communicates with a sensitive marker in contact with the smoked paper of 
a kymograph. Since the spring follows in detail any movement of the end 
of the finger, however slight, the subject’s behavior in this respect is 
recorded with precision (Figure 22). 

The Reflex Wink, The reflex closure of the eyelid has been found to 
condition very readily, both wdth man and the dog. The technique em- 
ployed by Hilgard and Marquis in conditioning tliis reaction in the dog 
has already been given in considerable detail (pp. 389 if.). The more im- 
portant investigations which have studied the conditioning of this reflex 
have been performed by Cason (1922/;), Switzer (1930), Hilgard (1931), 
and Shipley (1933). All of the latter studies have been performed on 
human subjects. Cason employed an electric shock as his unconditioned 
stimulus; Switzer and Shipley used a mechanical tap on the lower eyelid; 
and Hilgard used the sound of a sharp blow on a sounding-box placed 
close to the subject’s ear. Cason, in his pioneering study, secured objec- 
tive indication of lid closure by having an electric circuit closed auto- 
matically by the movement of the eyelid. This circuit closure controlled 
the action of a Bergstrom chronoscope which yielded rough measures of the 
reaction latencies. Switzer secured tracings of the Hd movements of his 
subjects by means of a silk thread cemented to the eyelid; this communi- 
cated with a delicate glass lever in contact with the smoked paper of a 
kymograph. Hilgard recorded the Hd movements of his human subjects by 
means of an artificial eyelash and the Dodge pendulum-photochronograph, 
in a manner substantially like that described above in the case of the con- 
ditioning of the dog (p. 390). 

The Pupillary Reflex, 1 be conditioning of the pupillary reflex was first 
proposed and performed by Watson (1916). He reports a preliminary in- 
vestigation in which a bell was used as the conditioned stimulus and a very 
strong light as the unconditioned stimulus. In the short time which he 
had available for training subjects he found two out of four individuals 
who, after 15 or 20 minutes of training, showed a small conditioned con- 
striction of the pupil in about 75 per cent of the stimulations. 


^he conspxcwB® uudqlatory line in the middle of the record is a respiratory 
tracing or pneumogram, For a discussion of this reaction, see pp, 401 ff. under the 
head of Btsturbmees m the AmpUiude and Rhythm a/ Breathing, 
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The next study, a much more elaborate one, was performed by Cason 
in 1922. In general, the technique of Cason was substantially like that 
of Watson, with the exception that he had a special apparatiis for measur- 
ing the diameter of the pupil. Cason found it possible to condition the 
constriction, and probably the dilation, of the pupil to an electric shock, 
the sound of a bell, and the sound of a telephone receiver. Cason reports 
that in one experiment he conditioned the iris to contract at the telephone 
sound and to dilate at the sound of a bell. In another the process was 
reversed: the iris was conditioned to contract in response to the hell 
stimulus and to dilate at the stimulus from the telephone receiver. 

The most extensive investigation in this field is that reported by Hud- 
gins (1933). In this latter study the pupil of the subject was observed 
through a specially constructed telescope containing vertical hairs which 
were susceptible of lateral adjustment by means of a thumb screw, llie 
experimenter continuously adjusted this apparatus so that the two hairs 
appeared exactly to coincide at all times with the respective sides of the 
pupil. To the cylinder of the thumb screw was attached a thread which, 
when tlie screw was turned, actuated a marker in contact w'ith the 
smoked paper of a kymograph. In this \viiy was secured a graphic record 
of all the changes which took place in the horizontal diameter of tire pupil 
throughout the experiment. 



Kvmooram or Puiuli.ary ReseoKss to the Bell Stimulus MEmr. Trainiho 
P, tracing of pupillary changes. The vertical broken lines connect RimultaneouH 
points on the tracings P and M. A rise in the tracing P indicates dilation; a 
fail,^ contraction. The test light was on continuously during the record. A/, 
tracing of signal magnet The upper levels of M indicate the presence of the 
bell sound; the lower levels* the presence of the test light alone, lime in 
seconds; ordinate in millimeters. 

(From Hudgins, 1^33, p. 15.) 
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A record of the spontaneous or unconditioned reactions to the bell 
stimulus is reproduced as Figure 13, An examination of this figure will 
show that the natural (unconditioned) reaction to the bell stimulus is 
a dilation of the pupil amounting to nearly a millimeter. In order to 
secure clear evidence of a conditioned reaction under these circumstances 
it is obviously necessary that the action to be conditioned must be a move- 
ment in a direction opposite to that originally evoked by the bell ; that is, 
in order to be distinguishable from the unconditioned reaction to the 
conditioned stimulus, the conditioned reaction must be a constriction of the 
pupil. A constriction of the iris is easily produced by using as an uncondi- 
tioned stimulus the flash of a strong light. Hudgins found that after 
from 125 to 225 paired stimulations of this kind the tendency to dilation 
at the sound of the bell had practically ceased and in its place had 
appeared a very definite and clearly marked constriction with at least 12 
of his 13 subjects so trained. 

A record of a typical conditioned constriction is shown as Figure 14. 
It is noteworthy that a remnant of the original dilational tendency mani- 
fests itself as a slight rise in the tracing at the very outset of the reaction. 
Hudgins states that this appeared in nearly every record. Hic lat<‘ncy 
of the conditioned reaction is found to be much greater than that of the 
unconditioned reaction to light, and the rate of conditioned conti action, 



Kymocram of Conditioned Pufiu.ary Kesponse to Bei.l Stimulus 
P, tracing of the pupillary changes. Broken lines connect simultaneous points 
on P and Two^ seconds after the bell rings the pupil begins to constrict 
There is a slight dilation irnmoclintelv followin'^ the stimulus. When the hell 
ceases to ring dilation of the pupil follows, ikf, tracing of the signal magnet 
The rise of the tracing represents the incidence of the bell stimulus; the tracing 
falls when the bell ceases to ring. The scale at the left is a projection of the 
millimeter scale of the micrometer. Time in seconds. 

(From Hudgins, , 193 3, p. 17.) 
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once it gets under way, is distinctly slower. It is of interest that when 
the bell stops ringing the pupil promptly returns approximate!) to its 
former size, just as if a light had been removed. 

One of the most striking phenomena brought out b\' the ifudgins 
experiment relates to the stimuli which were able to acquire the power 
to evoke this reaction. In addition to the bell, by an ingenious experi- 
mental procedure it was proved that pupillary constriction couhi he 
conditioned to a spoken nonsense s\ liable from the experimenter, to the 
experimenter’s command to ‘^contract/’ to the gripping of a djnamonie- 
ter by the subject himself, to the subject’s repeating aloud the words 
‘‘contract” and “relax,” to his whispciing these words, and, finally, to 
a mere subvocal repetition of the words! Ceitain important theoreti- 
cal implications of these results, as to tlie nature of what are ordinarily 
called voluntary reactions, will be mentioned later (p. 440). Hudgins’ 
work has recently been criticized by Steckle and Renshaw (1934). 

Disturbances in the /i mphtitde and Rhythm of Breathinr/, A reac- 
tion under semi-voluntary conttol which is readily conditioned and 
which has been used quite often in conditioning expeiinients is that of 
certain changes in respiiation. 'Fhis technkjue has prove<l effective with 
both human and animal subjects (Figure 24). Automatic records of 
the rhythmic breathing activities, usually on smoked paper, are obtained 
by means of one or another of the devices built for the purpose and 
called pneumographs (Figuie 10). 

The electric shock applied to the tip of the finger, as emplojed in tlie 
conditioning of the finger retraction described above (p. 397), is the most 
convenient and common unconditioned stimulus for th<‘ evocation of 
respiratory disturbances. I1iis stimulus usually produces two fairly dis- 



FICURE 15 

KESeiRATION AND PUI.SE TRACWOS SHOWINO TTOCAL KeACTRWS TO A 
PAINEUL SnMtJLUS 

The stimulus was applied at the point marked by the middle vertical line. M, 
respiration; D, pulse; A, time in S-second Intervals. For further explanation, sec 

text. 

(After Sears, li?32.) 
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tinct changes in the breathing reaction, both of which prove susceptible 
to conditioning. They may be understood by referring to the conven- 
tional record reproduced in Figure IS. It will be observed that during 
a period of 20 seconds pieceding the stimulus, the breathing was moderate 
in amplitude and fairly regular. After the stimulation, however, the 
depth of breathing was increased very markedly for a period of at least 
20 seconds. In addition, the contour of the line connecting the lower 
points of the tracing had gieatly increased in irregularity. 

Figure 24 is taken from Watson’s early experiment, where, as evi- 
dence that conditioning had taken place, it was sufficient to observe the 
increase in amplitude and the irregularity in rhythm merely by inspec- 
tion. The quantification of conditioned breathing reactions was intro- 
duced by Scott, both as to amplitude and variability. Scott (1930) 
employed ^ the laborious method of directly measuring the amplitude of 
each inspiration by means of a fiftieth-inch scale. By the time Garvey 
had performed his study, however, the linear oscillometer (Hull, 1929//) 
was available. 'Fhe oscillating line of a pneumogram may be traced wnth 
the st 3 ’lus of this instrument, which will summate automatically and 
with precision all of the breathing movements wdthin any given period 
of time. This is usually from 10 to 20 seconds. Thus, in the respira- 
tion record produced in Figure 15, the total oscillation during the 20 
seconds previous to stimulation amounts to 85 oscillometer units, whereas 
that following the stimulation amounts to 165 such units. I'he magni- 
tude of the reaction may conveniently be expressed by the ratio of the 
score after stimulation divided by that before. In this case the ratio is 
1-94.^ Garvey (1933) has utilized a second method, that of simple sub- 
traction. By the latter procedure the score would be 80 oscillometer 
units. 

The matter of variability was determined by Scott by computing the 
mean variation of the amplitude of the several inspirations taking place 
within a period of fifteen seconds before and after the stimulus and 
dividing the latter by the former. A positive reaction will he indicated 
by a ratio above unity. A distinctly different and probably more signi- 
ficant function of the variability may be secured by running the 
oscillometer tracer along the line connecting the low’cr points of the 
pneumogram (dotted line. Figure 15). ^ It is evident that if the breathing 
is regular these points will be in a straight line and the oscillometer will 
register zero, whereas the more the amplitude of each successive breath 
differs from the one preceding it, the more the line connecting the suc- 
cessive points will itself oscillate, and the greater will be the amount 
registered on the instrument, l^hus the broken line connecting the lower 
points of the pneumogram shown in Figure 15 yields only four oscil- 
lometer units for the 20 seconds preceding stimulation, whereas that for 
the 20 seconds following stimulation measures nineteen such units. The 
difference or index of magnitude of the reaction in this case accordingly 
amounts to 16. This latter method of measurement was employed on a 
large scale by Garvey (1933). The general indication seems to be that 
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the variability index is a more significant measure of the leact <.n to 
strong stimuli both of an unconditioned and of a conditioned ‘'“rt t ■ m 
any other which can be secured from tracings of the breathing rt.icti< . 

One possible defect of the breathing reaction for pui poses of condi- 
tioning experimentation is that, owing to the extreme sensitivity of the 
reaction, most stimuli tend to evoke it previous to the conditioning process. 
This may be seen by an examination of Figure 16, reproduced from 



The graph is based on ratios obtained by dividing respiratory amplitude 
during the 15 seconds following stinwilation by that during the IS seconds 

preceding stimulation. 

(After Scott, 1930.) 


Scott’s pioneer studv in this field. It will be observed thjit of the two 
periods of stimulation by the hixmcr preceding the conditumm princess, 
one, at least, showed an appreciable tendency to produce the n^ponse. 
In such cases conditioninji; can manifest itself only by an increase uj the 
extent of the reaction which actually appears. However, the method has 
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the advantage of permitting measurements of experimental extinction be- 
low zero, which would be indicated by ratios below unity (p. 439). 

Disturbances in the Amplitude and Rhythm of the Pulse, The reac- 
tion of the vasomotor S3^stcm in response to an electric shock or other 
painful stimulation is chaiactcristic. A graphic record of this action is 
secured on smoked paper undei favorable circumstances by means of the 
Meek-Erlanger recording sphygmomanometer, A typical reaction of this 
kind is shown in tracing D of Figure IS. The painful stimulus was 
applied at the point indicated by the middle vertical line. It will be 
observed that the pulse beat pieceding this was rather full and extremely 
regular, whereas immediately following the stimulation there was a 
marked irregularity of the reaction which was accompanied by a distinct 
diminution in its amplitude. I'his reaction thus affords two measures, 
just as was the case with breathing. The amplitude change, on the 
sphygmomanometer, however, is exactly the opposite to that of breathing; 
that is where the breathing shows an increase in amplitude following the 
stimulation, the pulse under these particular conditions tends to show a 
decrease. Hius the measurement of the total oscillation of the pulse 
record reproduced as Figure 15 for the 7 seconds preceding stimulation 
yielded 37 oscillometer units, whereas the 7 seconds following stimulation 
yielded only 33, The variability index, however, is of the same general 
nature as that presented by breathing. The tracing of a line connecting 
the lower points of the pulse beat in this case yielded a score of only 1 
oscillometer unit prior to stimulation, whereas that following the stimu- 
lation yielded a score of 5. The conditioning of this reaction has been 
carried out in a preliminary way by Scott (1930), and by Shipley (1929). 

Vasomotor Constriction. The typical vasomotor reaction to any 
strong or startling stimulus is a constriction of the blood vessels which 
results in a small but measurable reduction in volume of portions of the 
body, such as the hand. This reaction is usually studied with the aid 
of an instrument called the plethysmograph, ^Phis device takes various 
forms, but generally consists of a relatively inelastic chamber filled with 
warm water in which the hand or the arm of the subject is placed. As 
the total volume of the hand shrinks, the w^atcr in the system falls and 
this is recorded by the stylus of an ordinary pneumatic tambour on the 
smoked paper of a moving kymograph. Cytovitch and Folkman (1917) 
report the conditioning of this reaction on ten human subjects. The 
unconditioned stimulus was cold applied to the skin. The conditioned 
stimuli employed vv^ere various: the sounding of a tuning fork, a note 
sounded on a fife, and the vibration of an electric buzzer. It is reported 
that after 25 paired stimulations the conditioned stimuli were able to 
evoke the vascular constrictions, 'rhesc writers also report an unpub- 
lished study by Dr. Tchaly, in which this reaction, produced by an in- 
duction shock as an unconditioned stimulus, was successfully conditioned. 

The Galvanic Skin Reaction. This reaction has been known for a 
long time, though it is one not ordinarily suspected by the naive subject 
because it cannot be observed except with the aid of special apparatus. 
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There are several methods of observing and recording this 
two of which appear to yield exactly comparable results, 
simplest, and at the same time one of the best, methods of i 
galvanic skin reaction is to bind tw'o polished silver coins (quarter dol- 
lars) to the hand, one on the back and the other on the palm. 'Fo these 
coins should be soldered wires which connect with a sensitive D’Atsonval 
galvanometer. A beam of light is reflected from the mirror in the 
galvanometer eithei upon the aperture of a special camera or upon a 
simple translucent screen. When the subject is stimulated, particularly 
by means of an electric shock, the minute differences in potential devel- 
oped at the electrodes, presumably through the action of the sweat glands 
in the hand, produce a movement of the mirror of the galvanometer. 
This causes a beam of light (which appears as a luminous spot) to move 
in a lateral direction. In case this moves along the slit-like aperture of 
a special camera provided with a moving photographic Him, the course 
of the spot of light will be photographically recorded and will constitute 
a graphic history of the electrical changes in tire subject's hand. A sim- 
pler method of securing a graphic record of the galvanic changes as shown 
by the movement of the spot of light is to have mounted on the screen 
a sliding point which may be continuously adjusted by the experimenter 
so as to coincide exactly with the spot of light. By means of a simple 
series of pulleys, a thread connected with the slider communicates with a 
vertical recording device which, in turn, traces on the smoked paper of a 
moving kymograph a faithful record of the electrical changes being in- 
vestigated. A typical record secured in this is reproduced as Figure 

The first attempt to condition this reaction seems to have been made 
by Watson in 1915 (1916, p. 99), though his effort resulted in failure 
apparently because of the insensitivity of his galvanometer. The reac- 
tion has been successfully conditioned by Golla (1921), Freeman (1^30)» 

Switzer (1933), Bass and Hull 
(1934), and others. Jones has employed it to excellent advantage in an 
investigation of the conditioned reflex in young children, 'I^he reaction 
suffers from the same general disadvantage as the breathing reaction con- 
sidered above-— namely, that owing to^ its extreme sensitivity it is evoked 
to a certain extent by almost any stimulus of even moderate intensity. 
This defect, however, is largely obviated by employing very weak stimuli. 
The reaction has the decided advantage that the naive subject is com- 
pletely unaware of its existence, and the sophisticated subject cannot tell 
whether it is operating or not. No doubt in part as the result of tliese 
circumstances, the reaction is not under voluntary control and subjects 
are therefore unable voluntarily to inhibit its appearance as they seem 
frequently to do in the case of such conditioned reactions as the finger 
withdrawal. 

Rise in Pitch of the Voice. ^ Taylor (1933) has recently discovered 
that one of the effects of* receiving an electric shock is to increase the 
pitch of vocalization taking place at the time the shock is delivered, or 
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FIGURE 17 

Portions of the Finger- Withdrawal and Galvanic-Skin-Reactiom Rfxords of 
Switzer’s Subject No. 5 

Record A, last four reinfoicements in the conditioninR series. Record B, iirst 
four stimulations of the experimental-extinction series. F, finger reaction 
shock to tm 01 niiiei, i., ugat , tf . n.izxci , t,. galvaiiie f 
seconds. The numbers above the galvanic traang represent the ordinals of the 
reinforcement and experimental-extinction series respectively; 
the total oscillation of the galvanic line for the period of ^*'5 
the successive stimulations as marked off by the dashed perpendicular lints. Note 
the unstable nature oi the conditioned timber reaction in comparison with the 
regularity of the appearance of the galvanic. 

(After Switi^er, 1933.) 


soon after. He has shown, for example, that, if a_ subject speaks the 
word sat at the moment of receiving a rapid series of induction shocks on 
the wrist, the vocalization will be at a pitch averaging, for eight male 
subjects, some 27 vibrations per second higher than normal lie 
attempted to condition this reaction to light. Placed before the subject 
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were two small flashlight bulbs exactly alike but 3 inches apart. Some- 
times one would glow, and sometimes the other. The subject was in- 
structed to pronounce the word sat when either bulb became luminous. 
Whenever the right-hand bulb became luminous the subject leceived a 
shock as he was saying the word, whereas no shock was given when the 
response was made to the left-hand light. About 20 reinforcements 
of the right-hand light were interspersed among about 80 unreinforced 
stimulations of the left-hand light and with occasional presentations of 
the right-hand light without reinforcement to test for the presence ui 
conditioning. It was found that every one of the eight subjects showed 
a mean increase in pitch of the responses given to the right-hand light 
over those given to the left, though in a number of cases this increase was 
slight. The subjects as a wliole showed an average conditioned increase 
of four vibrations per second, ^vhich value was found to have satisfactory 
statistical reliability. 

The Fetal ‘'Kickhu/' Reaction. An attempt has been made by Ray 
(1932) to condition the kicking reactions of a fetus. I'he mother, a 
trained psychologist, lay on her back. Three two-inch tambours of 
special design were placed diaphragm-down at the follow'ing points against 
her abdomen: one over the fetus’ shoulder, one cb»se to the base of its 
spine, and the third approximately over the knees. 'The tambour was 
light enough to ride up and down with the mother’s respiratory move- 
ments, but heavy enough for the more sudden movements of th<* abdomi- 
nal wall made to the kicks of the fetus to move the diaphragm before 
overcoming the inertia of the receiving tambour and thus communicate a 
pressure to the recording tambour. HTe unconditioned stimulus was a 
very loud sound resemblintj: an explosion, wliereas the conditioned stim- 
ulus was a mechanical vibration against the maternal abdomen at a 
point within the triangle formed by the three tambours. Inhere is some 
reason to believe that conditioning took place un<ier these circumstanc<s, 
though the writer refrains fiom asserting this because of the failure of 
an attempted preliminary control experiment designe<i to <*stablish the 
significant neutrality of the vibratory stimulus previous to the condi- 
tioning process. 

Food-Taktno Reactions of Netvborn Infants. 'Fhis problem lias been 
investigated by Mrs. Maiquis (19.^1). I'he subjects in the experimental 
group were eight newborn babies. For the first ten days ot tludr lives 
these children received milk freshly pumped from their own nmthers’ 
breasts, but given them only from bottles, under experimental conditions. 
The feeding took place six times per day. On each occasion an edccttic 
buzzer was soun<led for five seconds preceding the insertion of the nipple 
into the child’s mouth, and again foi five seconds after he had b<‘gun to 
suck. Occasionally the feeding was interrupted for a brief interval and 
the conditioning procedure ju:st described was repeated in detail upon 
the resumption of the feeding, 'rhe more specifically feeding reactions 
displayed by these children were the opening of the mouth and sucking 
movements made by the lips and tongue. Both types of movements were 
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recorded pneumatically by means of a balloon-type capsule fastened be- 
neath the infantas chin, which communicated with a IVIarey lecording 
tambour. It was found that seven of the ei{:!;ht infants developed definite 
conditioned food-takinjt leactions. 1 he time of appearance of these 
reactions varied somewhat from subject to subject, but in general the 
conditioning process reejuired onlv from three to six days. The condi- 
tioned mouth-opening reaction usually appeared about the fourth day, 
and the conditioned sucking movements usually appeared on the fifth 
day. 

The Food'Takuuj Rauf ions of Children from Three io Six Years of 
Age. "i'he expeuniental w^oik in this field has been performed largely 
by Kiasnogorski (1909, 1913, 1926), one of Pavlov’s pupils, and later by 
Mateer (1918), in America. Krasnogotski took his point of departure 
from the salivary experiments of Pavlov. Since salivary fistulas coubl 
not be produced in children, he attempted to measure the amount of 
secretion indirectly by counting the movements made in the course of 
swallowing the accumulation. Later he placed the membrane^ of a 
Marey tambour over the thyroid cartilage on the throat, and in this 
way was able to secure automatic records both of the process of sv^'allow- 
ing and of the characteristic anticipatory mouth opening, uncon- 

ditioned stimulus usually employed was the placing of chocolate or lioncv 
in the child’s mouth. Various conditioned stimuli were useil, such as 
the ringing of an electric bell, the sounding of a reed pipe, and the 
stroking of the skin with a brush. He experimented for the most part 
on children ranging from three to six years of age, but also reports 
results on younger children. In general, he found that children condi- 
tion more readily with increasing age. He also made some observations 
on the phenomenon known as experimental extinction and on that known 
as conditioned inhibition. 

Mateer, while taking her point of departure from the work of Kras- 
nogorski, proceeded largely according to the clinical methods character- 
istic of American testing psychologists. She compared the condition- 
ability and experimental extinction tendencies of normal and feebleminded 
children of dififerent ages and intelligence quotients, Slic recorded the 
children’s reactions in substantially the manner employed by Krasnogor* 
ski, but simplified the conditioning stimulus so that it became the mere 
pushing-down of the bandage over the child’s eyes. Typical kymograph 
records showing the reaction of a normal child before conditioning and 
afterwards are reproduced in Figure 18. In general, Mateer confirmed 
Krasnogorski’s findings that older children condition more readily than 
younger, up to about five years of age, and that normal children condi- 
tion more readily than feebleminded children. With normals, condi- 
tioning took place within from three to nine trials. Seventy per cent of 
the normals retained the reaction for twenty-four hours. Experimental 
extinction tended to be more rapid among the older children, but much 
slower with the feebleminded. 

Gastric Secretion. We have already referred above (p. 383) to Bidder 
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FIGURE J8 

Records of the Food-Taking Reactions op a ^I-Montiis-Old Girl 
Record A shows the reaction of the child in the process of being fed; record By 
the response at the third trial. The latter shows an anticipatory conditioned food- 
taking reaction previous to feeding, which is followed by the reaction when 
actually fed. The mark on the upper line shows the point at which feeding took 
place. The middle line records movements of chin and throat, and the lower 
line records time in seconds. 

(From Mateer, 1918.) 

and Schmidt^s (1852) and Pavlov’s (1910) observations on the psychic 
secretion of gastric juice in dogs. These conditionings appear in all 
cases to have been of spontaneous or accidental origin, resulting from the 
natural incidents associated with eating. Bogen (1907), however, 
reports a genuinely experimental gastric conditioning of a child. It 
seems that a boy three and one-half years of age developed a stenosis of 
the esophagus from accidentally drinking lye. In order to prevent star- 
vation, a gastric fistula was produced through which food could be intro- 
duced directly into the stomach. This fistula permitted the observations 
of purely conditioned secretions. T'he psychic secretion observed by 
Bidder and Schmidt and by Pavlov was confirmed when the child was 
given a sham feeding of milk or meat. Following this, the attempt was 
made to condition the gastric secretion experimentally. On 40 occasions 
a trumpet was blown while the child was being fed. The trumpet was 
then blown on 10 occasions during which no food was given. Of the 
10 latter trials, 7 are reported as having yielded an appreciable gastric 
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secretion, thus demonstrating the arbitrary conditioning of this reaction. 

Salivation. We have already sketched above the methods of condi- 
tioning salivary secretion which have been employed on dogs by Pavlov 
and his pupils. This constitutes a great portion of the studies in the 
conditioned-reflex field, and it is by means of these experiments, for the 
most part, that the fundamental laws of the conditioned reflex have been 
discovered (pp. 424 ff.). A number of attempts have been made, how- 
ever, to condition the salivary reaction in man. Obviously, the surgical 
methods employed in dogs are impossible here. Two techniques have 
been used to escape this difficulty. It happens that a number of persons 
have been found in whom salivary fistulas had been produced by acci- 
dental means. Conditioned-reflex experiments may be carried out on 
such subjects by very much the same procedures as have been employed 
by the Pavlovian investigators with dogs. A second method was made 
available by Lashley’s invention, in 1916, of the salivary suction disk 
(Figuie 19). This consists of two concentric chambers (J and /i), the 



FIGURE 19 

Lashley’s Salivary Suchon Disk 
For explanation see text. 

(From Watson, 1924, p. 30.) 

inner one of which is placed against the cheek over the opening of Stcn- 
son^s duct where it pours the parotid secretion into the mouth. Suction 
is applied to tube C, which exhausts the air from the outer chamber (y/), 
thus sealing the apparatus tightly to the cheek. The saliva then collects 
in chamber Bj and ultimately passes out of the mouth and into the 
recording apparatus through tube Z>. 

In general, the human salivary reaction has proved exceedingly difficult 
to condition. For example, I^runacci (1910) and Richter and Waila 
(1924) leport complete failure to condition this response. ZehH)wski 
(1905), however, reports some indications of an inci eased secrethm 
when his subjects observed the food being brought to them. Cjle‘v and 
Mendelsohn (1915) also reported a secretion at the sight of food, but 
failed to secure evidence of a conditioned salivary reaction to an electric 
light and to a bell after 40 paired stimulations. Lashley (1916) 
observed^ a psychic secretion when his subject held candy in his hand, 
and an increased secretion when the food was brought near the mouth. 
Krasnogorski (1926) reports with juvenile subjects successful coniiition- 
ing of this reaction to a bell, an electric light, and a metronome. I^astly, 
Winsor (1929), while able to elicit the naturally acquired psychic secre-^ 
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tions resulting from the sight of food, reports a practical failure to 
establish arbitrary conditioned salivary reactions to either food or the 
injection into the mouth of two cc. of orange juice. Upon the whole, 
the indication appears to be that with the possible exception of the 
Achilles reflex (p. 395) the salivary reaction is one of the most <lifficult 
of all reflexes to condition in the adult human subject. 

Vomiting, Among the complex phenomena w^hich result from the 
injection of morphine in the dog is nausea with its prominent components 
of profuse salivation and vomiting which are followed by sleep if the 
dose is large enough. Pavlov (1927, p. 35) states that Krylov found 
with dogs, after five or six daily injections of morphine, that the mere 
sight of the experimenter opening the box containing the syringe or, if 
this failed, the preparation of the skin and the injection of some harmless 
fluid ‘‘were in themselves adequate to produce all these symptoms — 
nausea, secretion of saliva, vomiting, and sleep.” Collins and Tatum 
(1925), incidental to a study of chronic morpliinism in eight dugs and 
a cat, confirm the results of Krylov. Finally, the conditioning of this 
reaction was carried out by Kleitman and Crisler (1927) in an elaborate 
quantitative study. Their procedure was to place dogs in a stock for 
periods varying from 15 minutes to 2 hours, at the end of which time 
morphine was injected into the animal’s back. Salivary secretions were 
collected from a simple fistula of the submaxillary ducts. In addition 
to showing profuse salivation, most of their animals at one time or an- 
other showed retching tendencies, together with actual vomiting, as soon 
as placed in the stock, i.e,, preceding the injection of the morphine. These 
animals also showed marked panting reactions both before and after the 
injection. Several of the animals also occasionally showed distinct antici- 
patory tendencies to drowsiness and sleep. 

Defecation and Urination, Bachrach and Morin (1932) report a 
successful attempt to condition the reflex of defecation in the kitten. 
The unconditioned stimulus was an enema of lukewarm water. The 
conditioned stimulus was a musical tone sounded on a reed pipe, llu* 
tone was sounded simultaneously with the entrance of the cannula and 
continued^ throughout the injection of the water. The conditioned reflex 
thus obtained is reported to have been weak and unstable. 

No specific experimental attempt to condition the micturition reflex has 
been found, though certain observations seem to indicate very strongly 
that it could be conditioned without serious difficulty. It has long been 
a practice in hospitals where the nervous control of the sphincter of the 
bladder has been somewhat disturbed to aid the patient in voluntary urina- 
tion by placing him near a tap of running water. The conditioning 
mechanism in this situation is obviously the association between the soiuul 
of splashing water and the act of urination throughout the preceding life 
of the patient. 

Diuresis, Conditioned diuresis, or the secretion of urine, as distin- 
guished from the voiding of it (micturition), has been investigated a 
number of times. Bykow and Alexejcw-Berkmann (1930) employed as 
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their unconditioned stimulus the rectal injection of water. I'hey report 
in one investigation evidence of a conditioned diuresis after 15 injections, 
and in another investigation the same result after 16 injections. Gross- 
man (1929) reports positive results after daily experiments for a week. 
Marx (1931^), however, repeated Bykow and Alexejew-Berkmann’s 
experiment but failed to obtain any evidence of the conditioned diuresis 
after twenty injections. 

In a second experiment (1931^) Marx attempted to condition diuresis 
in dogs by sounding a mouth organ, after which the dog was given a 
pan containing 400 cc. of a mixture of milk and water. The tone was 
sounded four times while the dog was drinking. Previous to this pro- 
cedure the dogs w'ere catheterized and three hours after their drinking 
they were again catheterized. On occasional experimental days the above 
procedure was varied by the single circumstance that the dogs were given 
no water whatever after the auditory stimulations, but were catheterized 
three hours later the same as usual. Of four dogs emplo>'ed, three never 
showed any clear signs of conditioned diuresis. In a fourth dog, how- 
ever, the conditioned diuresis suddenly appeared at the end of five months 
of continuous training followed by an interruption of three weeks, dining 
which no experimentation took place. These results are summarized in 
Figure 20. The quantity of urine secreted under the conditioned-reflex 



FIGURE 20 

Diagram Showing the Output of Urine of a Dog to a Conditioned Stimulus 
Complex over a Period of Months during Which the ^Training 
Was Continued 

The sudden rise at the sixth month followed a three weeks* interruptum of tlie 
training. It ia likely that this period of rest permitted the internal inhibition 
associated with the conditioning process, even when all stimulations are rein- 
forced, to disappear. This hypothesis is suppoited by the fact that the yield on 
subsequent months gradually declined. 

(From Marx, 1931a, p. 358.) 
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conditions was approximately the same as that obtained as the result 
of water-drinking in this dog. 

Marx (1926) has reported another significant investigation wliich, 
while not specifically a conditioned-reflex experiment, probably reflects 
the results of spontaneous conditioning. It was suggested to subjects 
in the hypnotic state that they were drinking large quantities of water. 
The results indicated that under such conditions subjects show a change 
in their water metabolism substantially like that produced when water in 
large quantities has actually been drunk. 

The experimental work in this field, while not entirely consistent, seems 
to indicate rather definitely that the secretional activity of the kidneys is 
susceptible to conditioning. 

Defeiishe Blond Reactiotis Related to Immunity. Proceeding cm the 
analogy of Pavlov’s conditioned secretional experiments, a number of 
investigations have been made on ihe possibility of conditioning in a 
similar manner certain important defensive blood reactions related to 
immunity. The unconditioned stimuli in these cxpeiinients are varknis 
toxic substances, such as tetanus toxin, diphtheria antigen, cholera and 
tj^phoid bacteria (previously killed by heat), and serum from such animals 
as the horse, sheep, dog, cat, and man, which have been injected into 
the body of the organism. The defensive blood reactions vary more or 
less with the type of injection, but in general they are characterized by 
changes in the blood count, particularly an increase in the leucocytes, 
and in certain cases by significant agglutination reactions. The condi- 
tioned stimuli vary from the mere external incidents characteristic of the 
act of making the injection, such as was the case in the morphine experi- 
ment of Kleitman and Crisler (p. 411), to the administration of a 
specific stimulus such as the sound of a trumpet, the application to the 
ear or the abdomen of the animal of a metal plate heated to about 60"" 
C., the scratching of the ear with a metal instrument, or the application 
of an electric shock. 

This work appears to have been initiated in 1926 through an investi- 
gation by Metalnikov and Chorine, who reported the finding of condi- 
tioned internal defense reactions to .sucli stimuli as scratching, heat, and 
sound. They report confirmation of their investigations by Vygodchikoff 
and Barykine and by Podkopaeff and Saatchian (1929), In successive 
articles, Metalnikov and Chorine (1928^/, 1928^) report positive results 
from heated cholera cultures injected into the ear once a day for from 
15 to 30 successive days in association with the sound of a trumpet or 
the scratching of the car. Nicolau and Antinescu-Dimitriv \\929a^ 
192%, 1929c) report positive results with the same general technique. 
While these studies sometimes contained efforts at control squads, the 
reports are so fragmentary and the controls usually so inadequate that 
they are not entirely convincing. 

An excellent study by Ostrovskaya (1930) reports what appears to 
be a very well-controlled investigation, in which he gave tcy 43 guinea 
pigs peritoneal injections of boullion antigen every day for a period of 
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three weeks. Associated with these injections were the application of 
heat to the skin with 27 animals, scratching of the skin with 7 animals, 
and electric stimulation to the ear with 9 animals. The leucocytic for- 
mula of the peritoneal exudate was determined before the injection and 
at various periods following. After a period of from 10 to 15 days of 
rest the conditioned stimulation alone was given and the exudate again 
examined as before. It was found that 67 per cent of the experimental 
group gave positive leucocytic reactions with the conditioned stimulus 
alone. A control group of 44 animals received the conditioned stimu- 
lus without their having had an opportunity for conditioning to be set 
up. Of these animals, 22 per cent showed the characteristic leucocytic 
defense reaction. These latter results indicate clearly tliat the conditioned 
stimuli were not really neutral at the beginning of the experiment, 'fiiis 
naturally throws serious doubt on the outcome of previous investigations 
in this field. Ostrovskaya reports, however, that one of the conditioned 
stimuli (the scratching of the skin) proved itself to be very neutral in 
the control group, and it is largely upon this fact that he bases his 
continued belief in the genuineness of the conditioning tendency. He 
also canied out an experiment on the agglutination reaction in 10 rabbits, 
with which were run 11 control animals. Both groups yielded the ag- 
glutination reaction, though Ostrovskaya believes that the reaction to the 
conditioned stimulus in the experimental group was distinguishable as 
being more stable than that observed in the control group. 

Ramon^ (1929) has attacked the specific immunity aspect of the above 
investigations on the basis of a series of experiments in horses which had 
been injected for many months with diphtheria antigen. "I'his normally 
causes the animals to develop in their blood diphtlieria antitoxin. It 
was found that these animals showed a marked diminution in this anti- 
toxin when the injections of diphtheria antigen were replaced by system- 
atic injections of tetanus toxin. Ramon argues that if the conditioning 
of immunity reaction could take place it would have <lone so during the 
repeated injections of diphtheria antigen and that the conditioned stimuli, 
consisting of the forceful means of restraint employed when the injections 
occurred, together with the prick of the needle of the syringe containing 
the diphtheria antigen, should have continued to evoke the generation of 
diphtheria antitoxin during the injection of tetanus toxin after the actual 
injection of diphtheria antigen had ceased. 

One of the most convincing of the investigations in this field is that 
conducted by Smith and Salinger (1933). Their unconditioned reaction 
was the anaphylactic response to peritoneal injections of sera from various 
animals. ^ Their experimental animals were guinea pigs. The condi- 
tioned stimulus employed by them in some cases was the application of 
heat to the ear of the animal, and in some cases the ringing of a very 
loud electric bell for one minute. The blood reaction which they inves- 
tigated was the increase in the white blood cells that are susceptible to 
staining by Msin. The gross motor responses of the animals to the in- 
jections consisted of coughing, labored breathing, scratching of the nose, 
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FIGUKE 21 

Smith and Saijnger’s Chart Showing 'thi-: Percentage of rNCKFAsii in thk 
Number of White Bi.ood Cells of the Type Which Stain with Eohin 
(Eosinophils) 30 Minutes Ama (A) a Peritoneal Serum Injection 
Accompanied bv the Ringing of a Bell and (B) after the 
R iNiHNf; OF the Bell Alone 

It may be seen that the three control animals yield scores consistently near 
aero, whereaH the experimental animals m a group run conHistently above zero, 
on every bell-only stimulation, which indicates a positive conditioning of thin 
physiological defense reaction. 

(Redrawn from Smith and Salinger, 1933.) 
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involuntary voiding, a ruffling of the hair on the back of the neck, and 
in some cases complete prostration. 

In general, it was found that after repeated combinations of the con- 
ditioned stimulus with the injection the former alone would produce a 
form of external behavior strikingly resembling the behavior pattern 
characteristic of the injection itself, with the exception that the condi- 
tioned reaction manifested itself in fewer animals and in a distinctly 
slighter degree on those that did show it. There seems to be no question, 
however, about the genuineness of the conditioned motor reactions on 
those animals which showed it. Nevertheless these authors place their 
chief dependence on the blood reactions obtained from smears taken 30 
minutes after the two t\'pes of stimulations. A tvpical group of nine 
experimental animals and three control animals will serve to illustrate 
their findings. The results from these animals are exhibited in the cha^t 
reproduced as Figure 21. An examination of this chait shows that, 
while not all the experimental animals showed the anaphj/ lactic hlootl 
reaction, many of them showed this in a very marked degree and the 
experimental animals as a group are clearly distinguished from the contrt)! 
animals. 

It must be admitted that there is still an appreciable degree of uncci- 
tainty in this field of conditioned-reflex experimentation. evidence, 

however, appears to support the belief that certain leucocytic reactions 
and even agglutination reactions may easily be evoked in some animals 
by ordinary stimuli without any conditioning whatever, but that the 
leucocytic reaction, at least, may be markedly strengthened by association 
with an unconditioned physiological stimuluvS of great potency. Indi- 
vidual animals show marked differences in their susceptibility to this 
form of conditioning, though this type of idiosyncrasy has long been a 
commonplace of all kinds of conditioning and offers no obstacle to 
crediting the results of the experiments. Just what bearing these results 
may have upon the psychic nature of disease and immunity to disease in 
general remains to be seen. 

Stimuli Which Have Been Conditioned 

A great variety of stimuli in practically all sensory fields have proved 
themselves susceptible of conditioning. Among the visual stimuli which 
have been thus employed may be mentioned ordinary electric lights, 
colored lights, and series of gray papers. A variety of visually perceived 
figures such as ellipses and T-shaped objects (Pavlov, 1927, p. 134) 
have been utilized in discrimination experiments with dogs. A favorite 
visual stimulus in the Russian laboratories has been a ^Votating object/^ 

Many different sounds have been used as conditioned stimuli. Among 
these may be mentioned tones from tuning forks and oscillators of vari- 
ous frequencies yielding relatively pure tones (Pavlov, 1927; Anrep, 
1920). Other laboratory sounds of varying pitch have been produced 
by Stern's tone-variator, whistles, reed pipes, organ pipes, trumpets, bells, 
and the piano. Among the less musical sounds which have bpen used 
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are toy horns, automobile hooters, electric buzzers, bubblincj: water, and 
the ticking of metronomes set to beat at various rates. Lastly, theie may 
be mentioned the conditioning by Hudgins (1933) of the specific words 
contract and relax, as spoken by the experimenter. 

Among the tactual stimuli which have been employed are ssimple 
cutaneous contact, vibratory contacts, and stroking with a brush, ^rher- 
mal stimuli of various degrees of heat and cold have frequently been 
employed by the Russians. The odors of vanilla and camphor have been 
occasionally used. Electric stimulation has usually been confine<l to 
induction shocks of various intensities. 

By an ingenious experimental arrangement, Hudgins (1933) was able 
to condition the proprioceptive stimuli arising from the subject’s own vocal 
apparatus in such a way as to evoke the hitherto non-voluntary constric- 
tion of the iris when the subject whispered certain words, and even 
when he merely spoke them to himself subvcjcally, or “thought’’ them. 
This experiment is of considerable significance because it probably lays 
bare the essential mechanism of what has been known to the classical 
psychologists as voluntary action, or will. This latter interpretation is 
perhaps strengthened by the fact that, according to Hudgins, reactions 
conditioned to such stimuli appear to be relatively immune to experimental 
extinction, one of the most conspicuous characteristics differentiating vol- 
untary reactions from ordinary conditioned reflexes (see p. 401 ). 

In addition to the above list of stimuli representative of tlie ordinary 
sensory fields, there may be mentioned a number of somewh«it miscellaneous 
modes of stimulation which have proved to be susceptible of conditioning. 
Pavlov has shown (1927, p. 38) that changes in intensity of stimuli and 
the termination of stimuli (1929, p. 39) may be conditioned as well as 
the beginnings of stimuli. Moreover, Pavlov describes somewhat astonish- 
ing results in which specific time intervals appear to be the critical com- 
ponent of conditioned stimulus combinations (1927, p. 41). That time 
intervals as such may become conditioned has recently been confirme<l in 
the writer’s laboratory. ^ Human subjects were stimulated by an electric 
induction shock on the tips of the fingers regularly every 38.5 seconds for 
30 times, after which the stimulus was discontinued. A typical record 
of the outcome is shown in Figure 22. There it may be seen that, despite 
the interruption of the stimulus sequence, the galvanic reaction continued 
to take place {X^Y, and Z) at about the proper interval for three times 
in succession. 

Pavlov and his pupils have experimented rather extensively on the 
conditioning of temporal stimulus patterns with dogs. example, m 
one occasion (1927, p. 146) Pavlov reports the conditioning of the 
salivary reaction to the stimulus sc<iuence; a light flash, a cutaneous 
stimulation, and the sound of bubbling water, applied in the order named. 
The reaction was effectively differentiated from the same stimuli applied 
in a reverse sequence. A second stimulus pattern employed was a hissing 
sound, a high tone, a low tone, and a buzzer, in the order given; this 
was effectively differentiated from the presentation of the same stimuli 
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FIGURE 22 

Record Showing Temporal Conditioning 
The tracing shows the reactions to the last four of 30 induction shocks 
delivered at 38.5-second intervals. Conditioned galvanic reactions to the 
temporal interval appear at X, Y, and Z. The vertical lines have been drawn 
to show points of simultaneity on the several tracings. 

in the order: hissing sound, low tone, high tone, and buzzer. Other 
patterns of a simultaneous nature have also been conditioned, one of 
the simplest being the presentation of a conditioned stimulus in con- 
junction with a second stimulus known as the conditioned inhibitor. It 
was found that such a combination could be effectively differentiated by 
dogs from the conditioned stimulus not so accompanied. ^J'hcre is 
reason to believe that vigorous application of the principles involved in 
the conditioning of compound stimuli both as stimulus complexes and 
stimulus patterns (Hull, 1931, p. 500) may throw considerable light on 
processes much higher in the scale of mammalian adjustment. 

Conditioning as a Function of Stimulation Sequbncr 

Temporal ContUjmty of Conditioned and Unconditioned Stimuli, 
The principle or “law** of contiguity has long been recognized by the 
association psychologists, 'rhis principle is stated by Bain (see Warren, 
1921, p. 107) as follows; ‘^Actions, sensations, and .states of feeling 
occurring together or in close succession tend to grow together or cohere 
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in such a war that when an> one oi them is atteiward pichenti*d to the 
mind the others are apt to be brouj^lit up in ideas” I'hv relationship 
thus giasped from general observation has been subi<\led to precise 
experimental investigation on the stricth niotf>r level b> the uurkeis in 
conditioned reflexes. 

Formerlv, Pavlov made the positive statement (1027, pp. 27 If.) 
that conditioned leflexes could be established if the conditioned stimulus 
preceded the unconditioned stimulus (and the reaction) or was simul- 
taneous with It, but not in case the unconditioned stimulus (and the 
reaction) pieceded. It will be observed that the first sequence mentioned 
above is that accouling to which all leactions must function; in the 
actual performance of a conditioned reaction the conditioned stimulus 
must precede the usponsc. For this reason this conditioning se<}uence 
is called forward conditioning. But when the conditioned stimulus f<il- 
lows the response to wdiich it Is to be conditioned, the sequence in the 
conditioning process is necessarily the reverse of the order of functioning. 
It has therefore come to be called bai heard conditioning. Pavlov's 
emphatic denial of the possibility of backward conditioning has led to a 
considerable amount of confusion. It is true that in this same work he 
has seemed in a later but lather obscure passage (1927, pp. 393 ff.) to 
retract this view. Moi cover, he (192<S, p. 3<SM ) stated explicitly in his 
Croonian lecture that conditioned reflexes may he set up when the uncon- 
ditioned stimulus precedes the conditioned one, though even then he 
was of the opinion that in the resulting conditioning the reflexes w'ere 
“insignificant and evanescent,” and were assoriate<l w'ith an excessive 
amount of internal inhibition (pp. 436 ff.). Unfortunately, ^this revised 
view has attracted much less attention than the earlier one (F.vans, 1930, 
p. 340). 

In 1929 Switzer attacked experimental! v the problem of backward 
conditioning in man, employing the lid reflex as his major reacting 
mechanism and the knee-jerk and the galvanic skin reaction as collatenil 
mechanisms. In the cast* of the eyelid reaction, the unconditioned stim- 
ulus was a sharp tap of a padded stick against the lower eyelid. I'his 
was delivered at periods of 2 seconds, 1 second, .75 second, and .5 second 
preceding the sound of a buzzer. Under these conditions all of the sub- 
jects at the three shortest intervals yielded at least three successive condi- 
tioned lid reactions, and two of the four subjects at 2 seconds yielded posi- 
tive results. Many of the conditioned reflexes thus obtained proved to be 
sufficiently stable to resist the experimental extinction resulting from a 
number of successive unrcinforced stimulations. This removed all ques- 
tion concerning the possibility of establishing relatively stable conditioned 
reflexes in a backward direction. 

More recently two systematic investigations with human subjects of 
the relative readiness of conditioning as a function of the temporal rela- 
tionships of the two stimuli {a) when the conditioned stimulus precedes, 
{b) when the two stimuli coincide in time, and (r) when the uncon- 
ditioned stimulus precedes, have been reported by Wolfle (1930, 1932). 
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The first investigation is typical. The unconditioned reaction was the 
reflex withdrawal of the finger from a shock, and the conditioned stimulus 
was the sound of a buzzer. Ten subjects were tested with the stimuli 
given simultaneously and at each of the following intervals : where the un- 
conditioned stimulus preceded the conditioned stimulus by .25 and . S second 
(backward), and where the conditioned stimulus preceded the uncon- 
ditioned one by .25, .5, .75, 1.0, 1,25, and 1.50 seconds (forward). The 
percentage of conditionings reported from each group of ten subjects is 
shown in Figure 23. This significant figure confirms definitely a number 



Na XC0N03 BY WHJCH CONDITIONED BTIMULUS PRECEDED 
FIGURE 23 

Composite Graph Showing the Relative CoNDmoNABiu'ry of Reflex Hand- 
Withdrawal FROM Shock Where the Conditioned Stimulus Precedes 
AND Follows the Unconditioned Stimulus by Various Intervals 
N ote the marked gradient sloping each way from the optimal interval of 

4’. 5 second. 

(After Wolfle, 1930 ) 

of observations (Hilgard, 1931; Schlosberg, 1928) indicating that the 
conditioned stimulus preceding the unconditioned one by about a half 
second is especially favorable for conditioning to take place. It is par- 
ticularly noteworthy, however, that, in proportion as this optimal point 
is departed from in either direction, the facility of conditioning is progres- 
sively diminished. There is thus revealed a double gradient sloping 
downward from the optimal point in both the forward and backward 
directions. It will be surprising if these facts do not prove ultimately to. 
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have important implication‘s for the unJcrj^tandlujz (d the hii^her processes 
of learning and adjustment. 

Delayed Conditioned Reflexes. In sonic cases the conditioned stimulus 
when given prior to the unconditioned one mav be prohjiiired ioi seconds 
and even man,y minutes. Idic unconditioned stimulus is administeicd 
during the continuation of the conditioned stimulus, hut near the end. 
(Figure 23 A.) There is a tendency when the interval bet^\cen the be- 


IN SECONDS^ 


Subject jh 

-.1— J 1 — I — « — l 1 — L.,.i t 1 L . 


ijonr 


SHOCK 


eALVANOMETSG. 


'ot Delay 
(!Q_^ 3ccond3f 


Delayed Con -Jiitonedl 
J^eacl/on 


FIGURE 23A 


P^cnerT' 
h shock 


Transcription of the Experimfntai. Record of the Thirty-sixth Reinforce- 
ment OF THE DEI.AYKD CONDITIONED RefLEX OF SUBJECT J. H. 
(Reproduced by peirnission of Dr. 8. A. Switzer.) 


ginning of the conditioned stimulus and the administration of the uncon- 
ditioned stimulus is large for the conditioned reaction similarly to be 
delayed; that is, not to take place until an appreciable time after the 
beginning of the conditioned stimulus, but still some time before its ter- 
mination, (Figure 23 B.) Such reflexes are known as delayed condi- 
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FIGURE 23B 

Transcription of the Experimental Record of an Unreinforced Conditioned 
Reaction of Subject J. H. Shortly after the Reinforcement 
Shown m Figure 23A 

(Reproduced by permission of Dr. S. A. Switzer.) 


tioned reflexes. They have been studied to a considerable extent by the 
Russian reflexologists with the aid of canine subjects. One of the most 
significant claims emerging from this mass of investigation is that known 
as the 'Inhibition of delay*’ (p. 444). However, the specifically inhibi- 
tory characteristics of this period of delay have not yet been definitely 
proved. 
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have important implications for the understandin:^ of tiie hi^^her processes 
of learnina; and adjustment. 

Delayed Conditioned Reflexes, In some oases the conditioned stimulus 
when given prior to the unconditioned one ma> he piolonged for seconds 
and even many minutes. The unconditioned stimulus is administeied 
during the continuation of the conditioned stimulus, hut near the emi. 
(Figure 23 A.) There is a tendency when the inteival betueen the be- 
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FIGURE 23A 

Transcription of the Exphrimental Recoru ok the Thirty-sixth Reinforck- 
MENT OF THE DELAYED CONDITIONED RFI- LEX OF SUBJKCrT J. H, 
(Reproduced by permission of Dr. S. A. Switsser.) 

ginning of the conditioned stimulus and the administration of the uncon- 
ditioned stimulus is large for the conditioned reaction similarly to be 
delayed; that is, not to take place until an appreciable time after the 
beginning of the conditioned stimulus, but still some time before its ter- 
mination. (Figure 23 B.) Such reflexes are known as delayed condi-^ 

SuajscT J.H. 


TIME m SECONDS 



GALyANOMETED 


Pmod ^ 
(tij^ 


OeJaject Conetdioned 
GettcHm 


FIGURE 23B 


Transcription of the Experimental Record of an Unrexnforced Conditioned 
Reaction or Subject J. H. Shortly aeter the Reinforcement 
Shown in Figure 23A 


(Reproduced by permission of Dr. S. A. Switzer.) 


tloned reflexes. They have been studied to a considerable extent by the 
Russian reflexologists with the aid of canine subjects* One of the most 
significant claims emerging from this mass of investigation is tliat known 
as the ‘'inhibition of delay** (p. 444). However, the specifically inhibi- 
tory characteristics of this period of delay have not yet been definitely 
proved. 
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Trace Conditioned Reflexes. In some cases instead of the conditioned 
stimulus* persisting until the unconditioned stimulus is delivered, as in the 
setting-up of delayed conditioned reflexes, the conditioned stimulus is 
terminated after a brief period and the interval between that and the 
administration of the unconditioned stimulus is filled with no particular 
stimulation. Under such circumstances it is possible to set up condi- 
tioned reflexes which do not take place until some considerable time after 
the termination of the conditioned stimulus. In such cases it is naturally 
assumed that the reaction is evoked not by the conditioned stimulus itself, 
because objectively that has long since ceased, but by some trace left by it. 
Therefore such conditioned reactions are known as trace conditioned re- 
flexes. These reactions also have been studied to a considerable extent 
by the Russian reflexologists, and more recently in the United States. 

Secondary Conditioned Reflexes. If a conditioned leflex has been estab- 
lished by the ordinary procedures of temporal contiguity it is possible to 
set up secondary conditioned reflexes without the new conditioned stim- 
ulus* ever being associated with the unconditioned stimulus, but merely 
with the original or primary conditioned stimulus (and its newly acquired 
reaction). A reaction tendency thus acquired is called a second-order 
conditioned reflex. An experiment on a human subject reported by Wat- 
son will serve to illustrate the process (Figure 24). A reflex withdrawal 
of the hand was conditioned to a bell by associating it with a shock. Then 
a light was given in conjunction with the bell (and the finger retraction) 
a number of times, after which the light was given alone. The light 
was then found also to have acquired the capacity to evoke a weak finger 
retraction. The reaction in question was accordingly a second-order 
conditioned reflex. 



FIGURE 24 

Record of the Setting-Up of a Secondary Conditioned Reflex with a 
Human Subject 

R, finger reaction to shock; F, shock; Ra, respiration; T, lime. The conditioned 
reaction of finger withdrawal to a bell had previously been set up in the usual 
way. This record shows its transfer to a light by associating the light with the 
bell ^ In order to prevent experimental extinction of the primary conditioned 
reaction to the bell, this is reinforced by the shock at the two points marked with 
X. Near the end of the record the light is given alone and it evokes a weak 
fiitiger reaction and a marked respiratory reaction. These constitute a secondary 

conditioned reflex. 

(After Watson, 1916.) 
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Attempts were made repeatedly (1927, p. 34) in Pavlov’s laboratory to 
establish still another transfer ^ivinji; rise to a third-ordei conditioned^ re- 
flex. This failed with the salivar) reaction but succeeded in an experi- 
ment conducted by Dr. Foursikov empkn inji; a strong defensive motor 
reaction. Tlie unconditioned stimulus in this case was a shock to the fore- 
paw of a doK, which produced a defensive liftiiijr of the foot. The 
primary conditioned stimulus was the mechanical stimulation of the skin 
of the hind paw. After repeated combinations of this pair of stimuli, the 
dog would react to the stimulation of the hind paw by a lifting of the 
front paw. This was the primary conditioned reflex. Next the sound 
of bubbling water was given in combination with the mechanical stimula- 
tion of the hind paw, after which the dog would lift his front paw to the 
sound of bubbling water. This was the second-order conditioned reflex. 
Finally, a tone of 760 double vibrations per second was given in combina- 
tion with the sound of bubbling water, and the tone also acquired the 
capacity to evoke tlie lifting of the front paw. This was a third-order 
conditioned reflex. Dr. Foursikov, by appropriate reinforcement to pre- 
vent experimental extinction, endeavored for over a year to extend the 
series to a fourth-order conditioning, but entirely without success. It is 
significant that the latent period of these conditioned reflexes increased 
progressively from the finst to the third order. Coincidentally there was 
a parallel weakening of the reaction itself. 

From certain points of view the transfer of a reaction from one stimulus 
to another indefinitely appears to be characteristic of human voluntary 
reaction. For tliis reason the psychology of secoiulary conditioned reflexes 
is of special significance, particularly where human subjects are concerned. 
Unfortunately, little work involving the ordinary higher-order condition- 
ing of human subjects appears to have been reported. 

Shipley's Indirect Conditiomnej Technique. A procedure distinctly dif- 
ferent from the above, but one which seems to bring about the same final 
results as the Pavlovian techniciue of secondary conditioning, has been de- 
veloped by Shipley (1933). 1 his resembles the one just described in that 

the conditioned stimulus which finally evokes the secondary conditioned 
never been associated with the unconditioned stimulus. It 
diiters^ from the ordinary secondary-conditioning technk|ue in that the 
conditioned stimulus Im never been associated with the reaction which it 
evokes.^ One of Shipley’s experiments will illustrate the point. 
He first associated a flash of light with a mechanical tap on the lower 
eyelid. 1 his presumably served to set up a primary conditioned tendency 
for the flash to evoke the eyelid reaction. ^Fhc next step was to associate 
the tap on the eyelid with a shock on the finger, which presumably estab- 
lished a primary conditioned tendency for tlie blow to evoke fing<M* with- 
drawal. When these conditioning procedures had been accompli.shed the 
flash of light was given alone* ^ It was found that 9 subjects out of 15, 
n reacted with an involuntary finger withdraw^al even though 

the flash had never been associated either with the shock or the finger 
retraction. 
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The Chain Conditioned Reflex of Miller and Konorski. A second type 
of conditioned reflex which appears to be in some sense a chain-reaction 
sequence has recently been investijjated bv Miller and Konorski (1928^, 
1928Z») and by Konorski and IMiller (1930/7, 1930Z?). A typical experi- 
mental arrangement is as follows: A stimulus (//), such as a note of a 
piano, will be followed by the lifting of the dog's front paw. The lifting 
of the paw may be brought about either by a reflex stimulation or by a 
passive movement on the part of the dog. In the latter case the paw is 
lifted mechanically* 'Hie complex of proprioceptive stimuli incidental to 
the lifting is called the stimulus (/i). This is followed by what is called 
the absolute Uiniulus (R), The latter may be either the giving of food 
or some nocuous stimulus such as striking the animal or blowing into its 
ear. In the case where food is given (reward) it is found that after a 
number of repetitions the tone of the piano will cause both the lifting of 
the foot and the salivation, but in case of punishment the piano stimulus 
is not followed by the lifting of the foot. The promising suggestion is 
made by these authors that all possible stimuli may be divided into two 
classes on the basis of this criterion. 

ITe above result, where the lifting of the foot was originally a genuine 
reflex retraction, appears rather clearly as a chain reflex. Both links of 
the chain were set up at practically the same time. This latter charac- 
teristic at once throws these results, superficially at least, into the form of 
sequential or rote learning. In addition to simple chaining there is the 
further indication of a possible development of a trace conditioned reflex 
(from the piano note to the salivary reaction) with the ultimate mani- 
festation of remote excitatory tendencies such as were demonstrated by 
Ebbinghaus (1913). In cases where the lifting of the paw was a purely 
passive movement, however, the interpretation appears not to be so simple. 
Here, superficial appearances would seem to indicate kinship to serial 
reactions of the maze type with the typical food reward at the termination 
or goal. This latter circumstance, as is well known, serves in some way 
to fixate the stimulus-response relationships not only at the point of rein- 
forcement but also, to a lesser degree, at points remote from the goal. 
The gradient of the fixation tendencies apparently follows a logarithmic 
law (Hull, 1932), These suggested relationships serve to indicate that 
the Miller-Konorksi conditioned reflex may offer distinct potentialities 
in the direction of a new and possibly more effective experimental ap- 
proach to the problems of serial learning. 

General Characteristics or Properties of Conditioned Reflexes 

So far in this account we have been largely concerned with what stimuli 
and, particularly, what reactions may become joined by the conditioning 
process. We^ turn now to the still more important matter of the proper- 
ties characteristic of conditioned reflexes in general. 

The Rat 0*0 f-- Acquisition Curve of Conditioned Reflexes, For a long 
time one of the fundamental questions concerning any learning process has 
been that of the shape of the curve of acquisition. Despite the great num- 
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ber of studies involving the establishment of conditioned rcilexes, theie 
is as yet comparatively little evidence on this important matter. I'his is 
because most conditioning procedures are able to nieasuie the sttc‘nL;th of 
the conditioning tendency only on those occasions when the unconditioned 
stimulus is omitted. This ot necessity fields only fiagment.iiy lesults 
at best. Moreover, everv test so made complicates and distoits the pro- 
cess to considerable but unknown degrees b} injecting into it the irie\- 
vant factor of periodic experimental extinction which necessarih results 
from the conditioned stimulus’ not receiving reinforcement. Fortunateiv, 
there arc available two investigations which do not suffer from this defect: 
that of Kleitman and Crisler (1927), and that ot Hilgard (1931)- 
Kleitman and Crisler’s investigation has already been described (p. 41 1 ). 
The conditioned reactions of their dogs were always anticipatory in na- 
ture, which permitted their being measured without interrupting the con- 
ditioning process. The records from four of their animals have been 
judged sufficiently comparable to permit of their combination into an 
equally weighted composite Vincent graph (Figure 25). It will be ob- 
served that this curve begins at a relatively slow rate, which is progressively 
accelerated until about midway in the process, after which the rate of in- 
crease remains fairly constant. Ultimately, of course, theie must grad- 
ually come in any such learning process a time when no more gain is pos- 
sible, at which point the curve will become hoiizontal. Consequently, 
w^e may be confident that these animals would have showm this effect had 



FIGURE 25 

Bquaixy Weighted Composite Vincent Curve of the Acquisition of the 
Salivary Reflex from Four Poos 
(Derived from published data of Kleitman and Crisler, 1927.) 
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the training been sufficientl 5 ^ protracted. This means that the curve of 
acquisition of this conditioned reaction, if complete, would present a dis- 
tinctly S-shaped appearance. 

Hilgard’s technique and that of Hilgard and Marquis described above 
(pp. 389 ff.) also permit clear measurements of the progress of conditioning 
without interruption of the conditioning process. Hilgard (1933Z>) has 
published learning curves based on the conditioned lid reactions from two 
human subjects. Both subjects definitely confirm the existence of an 
initial period of positive acceleration shown by Kleitman and Crisler’s 
salivary data. The failure of one of them to show* the phase of negative 
acceleration is evidently due, just as was the case with Kleitman and 
Crisler’s dogs, to the interruption of the process of training before it had 
reached its natural limit. 

Finally, there may be added to this accumulation of evidence a recently 
published graph (Wendt, 1930, p. 43) of the rate of conditioning of the 
knee-jerk. This also shows unmistakable evidence of the initial period of 
positive acceleration. 

It will be noted that the initial portion of conditioned-reflex acquisi- 
tion curves differs radically from that of the conventional curves of learn- 
ing often given in works on psychology (Perrin, 1932, p. 250), which 
begin with a maximal steepness and proceed by negative acceleration to ap- 
pioach a horizontal. There is some reason to believe, however, that curves 
of the latter type really represent only the final portions of the learning 
process — that in such cases the subject resdly comes to the experiment with 
a considerable portion of the activity already learned. On the otlier hand, 
it seems likely that the S-shaped curve is characteristic of a complete learn- 
ing process. It has been shown in a number of experimental situations, 
notably by Thurstone (1919), Hull (1920), and Wolfle (1931), that 
coinplex and^ difficult learning processes characteristically begin with a 
period of positive acceleration exactly as manifested in the above graphs of 
conditioned-reflex learning and end with a period of negative accelera- 
tion. Kleitman and Crisler (1927) have emphasized the resemblance of 
this S-shaped curve to the curves characteristic of autocatalytic action. 

Does the Conditioned Stimulus Tend To Lose Its Unconditioned 
action as a Result of the Conditioning Process f The conditioning process 
is occasionally referred to by ps 5 ^chologists as a ‘‘substitution of stimuli."' 
This^ expression tends to imply that the conditioned stimulus loses its un- 
conditioned reaction in the process of acquiring the new conditioned re- 
action. Indeed, Razran (1930) has based a theory of the conditioning 
process in part on an explicit assumption of this principle. An experiment 
reported by Pavlov (1927, pp. 29 ff.) as having been performed by Dr. 
Erofeeva, illustrates and, apparently, furnishes the chief support for the 
view. ^ The conditioned stimulus was a strong electric shock, and the un- 
^nditioned stimulus was the introduction of food into the dog's mouth. 
The shock naturally produced a vigorous defense motor reaction. It is 
said, however, that as the shock gradually acquired the conditioned 
capacity to evoke the salivary reaction the animals progressively lost the 
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tendency to react defensively to the shock. Pa\'lov leports that even a 
minute examination of the pulse and respiration of these animals failed 
to show any trace of disturbance to these stimuli (1927, p. 30). He is of 
the opinion that “such a remarkable phenomenon is a result of diverting; 
the nervous impulse from one physiological path to anothci.” 

Strong evidence of a contradictory nature exists, howe\cr. It is well 
known that the unconditioned reaction of the eyelid to a flash of light is 
a faint tremor. Hilgard (1931, p. 38) states that this tremor did not dis- 
appear with his human subjects when they acquired the major conditioned 
reaction of winking due to an association of the light with a loud noise. 
This tendency is clearly illustrated by the records reproduced in Figure 
6 from the conditioned lid reaction of the dog by Hilgard and Marquis. 

Lastly, there may be mentioned the conditioned-knee-jerk investigation 
of Wendt (1930), which was designed to yield an answer to this ques- 
tion. Here the conditioned stimulus was a blow on the left tendon, and 
the unconditioned reaction was a knee-jerk resulting from a blow on the 
right one. The results obtained do not furnish substantial support for 
Pavlov’s view. It is true that one of Wendt’s subjects late in the condi- 
tioning process showed a marked reduction in the amplitude of the un- 
conditioned knee-jerk to the conditioned stimulus. I'his, however, was 
not correlated with the course of development of the conditioned re- 
sponse. 

An examination of the results of Hudgins’ investigation (Figures 13 
and 14) possibly furnishes a clue to the solution of this apparent conflict 
of evidence. It will be recalled that in Hudgins’ study the unconditioned 
reaction of the pupil to a bell is a dilation, w'hercas the unconditioned re- 
action to the flash is a constriction. It is evident that these two reac- 
tions are definitely m conflict, since the pupil cannot dilate at the same' 
time it is cons?tricting. Clearly, in the course of the conditioning process 
the constricting tendency must gradually override the opposing tendency. 
It is significant, however, that even after this has been accomplished the 
initial reaction to the bell stimulus is regularly a slight dilation which is 
at once followed by the dominant but more deliberate conditioned con- 
striction. While the antagonistic nature of the defense reaction to a 
shock and the alimentary reaction to food is not so obvious as the two 
pupillary reactions involved in Hudgins’ experiment, it seems highly prob- 
able that the mechanism may prove to be essentially the same. This 
would tend to account for the results of Dr. Erofeeva as being a special 
case rather than a universfil tendency. As yet we lack suiBcient critical 
evidence on this question from experiments based on pairs of non-antag- 
onistic reactions. Until such data are available, final decisions must re- 
main in abeyance. 

Relative Strength of the Conditioned and IJ ncondltioned Reactions* 
It is a matter of some theoretical importance to know whether tlie con- 
ditioned reaction may equal or exceed the strength of the unconditioned 
reaction from which it takes its rise. In order to secure a little light on 
this question we have assembled in Table 2 the results of the relevant 
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^Supplemented by a private communication. 
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investigations at present avaiiabie. An examination of this table reveals 
the fact that in very few of these studies has the strength of the condi- 
tioned reaction closely approached that of the unconditioned i faction, 
though It indicates the probability that under certain circumstances the 
strength or amplitude of the former ma\ even exceed that of the latter. 
The circumstances which favor such an outcome arc not >et clear, though 
present indications are that they will prove to be rather complex. 

It must be remembered, however, that since the strength of the condi- 
tioned reflex is a matter of gradual development it will not show its 
maximum vigor except at the limit of practice. A glance at Figure 2S shcjws 
very clearly that in that particular investigation, at least, the process of 
conditioning had by no means reached its maximum, since there is at the 
end of the training thus represented no marked evidence of the onset of 
the inevitable period of negative acceleiation. Indeed, it is doubtful 
whether any of the investigations summarized in Table 2 carried the 
process to the limit of practice. The values there listed must, therefore, 
be regarded as a more or less extensive understatement of the possible 
limits of the strength to which conditioned reflexes may attain. 

Relative Latencies of Conditioned and Unconditioned Reactions* In 
the early work of the reflexologists in Russia and the hehaviorists in 
America there was a marked tendency to regaid conditioned reflexes as 
reflex acts with merely the difference that they were evoked by stimuli 
originally unable to do so (Pavlov, 1927, p. 103). As careful and precise 
investigation has more fully revealed the facts, it has gradually become 
apparent that conditioned reflexes, while usually resembling rather closely 
the original reflexes from which they have taken their rise, actually differ 
more or less from these in various ways. One of the most clearly marked 
differences which has emerged is that of the relative latencies of the two 
types of reaction: the latency of the ordinary conditioned reaction is defi- 
nitely longer than that of the unconditioned reaction. This is shown 
very clearly by the uniform agreement in this respect of the series of in- 
vestigations summarized in Table 3. As a general thing, these investiga- 
tions indicate that the latency of the ordinary conditioned reflex is ap- 
proximately that of the voluntary performance of the act in question. 

It should be observed, however, that the more careful scrutiny of con- 
ditioned responses which has been made possible by refinements in methods 
of recording motor reactions has brought to light indications that there 
may be more than one form of conditioned reflex, even where the same 
response mechanism is involved. In such cases the differential identifica- 
tion is made largely on the basis of the latency characteristic of each. 
Thus Wendt (1930) finds with the knee-jerk not only a conditioned re- 
flex with a latency around 166<r, but also a second conditioned reflex of 
longer latency ranging around 280o*J His evidence is especially con* 


’It is significant that he also reports (1930) two fairly distinct types of voluntary 
reactions with latencies of approximately I7t<t and 230<r respectively, previous 
to the conditioning process. 
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♦These subjects were selected in conference with the author from a much larger number, on basis of general dependa- 
bility of data. 

fAn esdmate, A voluntary response appears to have a latency roughly proportional to the conditioned-reflex latency 
but not subject to precise measurement because preceded by the alpha-type response. 
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vincing since he occasionally finds these two reactions appearing one 
superposed on the other in a single record. Theoreticallj’ there should he a 
different conditioned reflex at each possible level of neural integration. 

Some light as to the possible origin of the short-latency Cf)n(iitioned re- 
flex may be afforded by Wendt’s observation (Table 3) that a blow on the 
left tendon occasionally evokes a cross reflex kick of the right leg witli a 
latency of about 166 (t. Wendt believes that the conditioning piocess 
merely sensitized this reflex already in existence, making it moie readily 
evokable. Hilgard has made a similar observation. One of his subjects, 
instead of acquiring the ordinary conditioned reaction of the lid to light, 
based on the reflex to sound with its characteristic long latency, tended 
rather to develop a greatly increased amplitude of his original short-latency 
unconditioned lid reaction to light (Figure 6). These observations sug- 
gest the likelihood that the conditioning process may result in conditioned 
reactions of at least two different types which, for the present, we may 
conveniently refer to as alpha and beta. Alpha may be used to designate 
conditioned reactions whicli are merely sensitizations or augmentations of 
the original unconditioned reaction of the conditioned stimulus; these will 
have relatively short reflex latencies. J^eta will be used to designate the 
type which results from the acquisition by the conditioned stimulus of the 
power of evoking reactions at least functionally similar to that evoked 
by the unconditioned stimulus; this type will have a latency substantially 
that of ordinary voluntary reactions. 

Qualitative Resemblance of the Conditioned to the Unconditioned Re- 
action. As frequently pointed out in a preceding section of this chapter, 
the conditioned reaction as a rule resembles very closely the unconditioned 
reaction. Indeed, in some situations such as those of salivary secretion, 
it is at present nearly or (luitc impossible to distinguish the two except for 
their relative strength and latency. The same tends more or less to be 
true in the case of various defense reactions such as those involving dis- 
turbances in the rhythm of breathing, pulse, the galvanic skin reaction, and 
certain physiological defense reactions related to immunity. On the other 
hand, closer and more minute examination has revealed in many cases 
appreciable differences and, in some cases, very large ones. For example, 
Shipley (1932) observed that in some subjects the conditioned plantar re- 
action showed a movement of the toes in the direction opposite that charac- 
teristic of the true plantar reflex. Hilgard (1931) and Wendt (1930) 
observed slight but fairly characteristic differences in the shape of the record 
made by the conditioned lid and knee-jerk respectively when carefully 
compared with records of the true reflex. It is rare, however, for the 
change in the reaction ^materially to affect the function originally per- 
formed by the reflex. This fact must not be lost sight of. 

One of the most striking qualitative differences between the conditioned 
and the unconditioned reactions has been observed by Upton (1929) and 
by Wever (1930) in conditioning to pure tones of high pitch the breath- 
ing response to shocks in the guinea pig and the cat respectively. "^Fhe 
tone in both these experiments was given for at least five seconds, at the 
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differential ease of conclitioninji: for the several components of an uncondi- 
tioned reaction has frequently been reported. Thus Marquis and Sears 
observed the abdominal reflex to be composed of two fairly distinct com- 
ponents (p. 395). They succeeded in conditioning one of these but not 
the other. Similar differences as regards component reactions anti their 
conditioning were also observed by Shipley. 

Differences between Conditioned and Unconditioned Reflexes in Their 
Conduction Paths in the Spinal Cord. Some light on the differences be- 
tween conditioned and unconditioned leflexes sketched above is furnished 
by the neurological investigation performed by Lang and Olmsted (1923). 
These writers conditioned to the sound of a buzzer the reflex lifting of the 
left hind leg in dogs. The unconditioned stimulus was a painful induction 
shock. They then performed a hemisection of the spinal cord at the level 
of the first lumbar vertebra on the side opposite the trained leg. This re- 
sulted in a complete abolition of the foot-lifting component of the condi- 
tioned reflex, though the respiratory component remained. Training on 
the reflex was then resumed with the result that the animal reacquired the 
conditioned tendency, though this reiiuired protracted training and the 
latent period of the reestablished reflex was much longer tlian that of 
the original conditioned reaction. This reestablished conditioned reflex 
was abolished by a second hemisection of the coid on the side opposite the 
trained leg, but several segments nearer the brain than the first. 

It was found, however, when a conditioned reflex to sound was set up in 
which the unconditioned stimulus was the pressure. produced by the pulling 
of a cord attached to the leg, that the conditioned reflex did not disap- 
pear even after both low and high hemisection of the cord. Lang and 
Olmsted account for this superficial discrepancy between the two experi- 
ments on the ground that owing to the difference in the patlt of the fibers 
for pain and pressure the hemisection of the cord, as performed, severed 
the former but not the latter. They conclude that the whole neural 
mechanism must be complete; that is, the pathways for both sets of 
stimuli (the conditioned and the unconditioned) must be intact for the 
conditioned reflex to take place. 

Anticipatory Characteristics of the Conditioned Reaction. It will be 
recalled (p. 388) that in Anrep^s experiment the salivary reaction took 
place in advance of the giving of food. It may also be recalled (pp. 390 ff.) 
that in the investigation of Hilgard and Marquis, after conditioning had 
taken place, the winking^ reaction of the dog was definitely anticipatory in 
nature. The puff of air against the right eyeball may be regarded es- 
sentially as an injurious stimulus. The conditioned lid closure as shown 
in record B, Figure 6 anticipates the blast of air in such a way that the 
lid is closed at least 135 thousandths of a second before the impact of the 
air takes place, thus completely protecting the eyeball. The frequency with 
which examples of anticipatory reaction are encountered in the conditioned- 
reflex literature indicates that it is a fundamental physiological tendency. 

The biological significance of this primitive adaptive mechanism thus 
effectively demonstrated can hardly be overestimated (Hull, 1929). In 
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the violent struggle for existence pictured by organic evolution it is not dif- 
ficult to understand that those animals which responded by flight and other 
defense reactions in advance of injury would be far more likely to escape 
and hence would have immensely greater chance of survival and ultimate 
reproduction than would animals w'hich did not possess such a tendency. 
There thus stands revealed an automatic neural mechanism possessing a 
function quite as obvious as those of the hand or the eye, and probably 
of far greater significance to the organism. Moreover, there is reason to 
believe that the mechanism is also basic in the functioning of the higher 
mental processes, e.g., in a great variety of anticipatory and short-circuiting 
reactions (Hull, 1930Z>). 

The Retention of Conditioned Reflexes, No systematic study of the re- 
tention of conditioned reflexes appears to have been made. There are, 
however, scattered through the literature occasional references to the sub- 
ject. Pavlov, for example, has emphasized the relative permanency of 
conditioned reflexes which have been thoroughly established. Watson re- 
marks that his human subjects usually retained their conditioned reflexes 
at least 24 hours, though occasionally a single reinforcement was required 
to resuscitate them. Mateer (1918, p. 202) found that 70 per cent of 
unselected children retained conditioned food-taking reactions for a period 
of 24 hours. Jones (1931) reports that infants retained a conditioned 
galvanic reaction for as much as seven weeks. Switzer (1933) reports 
with an adult subject an exceedingly vigorous conditioned galvanic reac- 
tion after 16 days. While no investigation comparing the relative reten- 
tion of conditioned reflexes with other forms of learning has been made, 
the incidental observations so far reported seem to indicate no very obvious 
differences, lliere is great need for a reliable study of the curve of for- 
getting of conditioned reactions. 

Summation, It has long been recognized that, if two stimtili are each 
independently able to evoke the same reflex act, both stimuli when applied 
simultaneously will usually evoke a stronger reaction than that produced 
by either stimulus alone. This tendency is known as summation. Some- 
times this physiological summation amounts to less than the arithmetical 
total of the two stimuli acting separately, but occasionally it amounts to 
more. Recently Sherrington (1931) has indicated the characteristic con- 
ditions under which one of the two above outcomes is likely to take place. 
Examples of true reflex summation of an act extensively studied from the 
point of view'^ of conditioning are given as the last two entries at the bottom 
of Table 4. There it may be seen that five of Hilgard^s subjects showed 
a mean reflex lid movement of .1 millimeter to a light stimulus, and of 1.4 
millimeters to a sound stimulus, which make up an arithmetical total of 
1.5 millimeters. When both stimuli are delivered in such a way as to 
evoke simultaneous reactions, the physiological summation amounts to 5.3 
millimeters, a value decidedly in excess of the arithmetical total of the two 
acting separately. 

It is our task here to inquire whether conditioned reflexes operate ac- 
cording to the principles known to hold for true reflexes. In general, the 
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Summary of Various Studies Involving the Summation of Conditioned Reflexes, and, for Purposes of Comparison, 
OF Unconditioned Reflexes and of Conditioned with Unconditioned Reflexes 
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Hiigard unconditioned sound 25.0 

(1933<i) man 5 lid closure mm. unconditioned light ,1 

unconditioned sound 1.4 
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answer is definitely in the affirmative. - Perhaps Garvey’s (1933) investi- 
gation with human subjects will serve as well as any to illustrate this 
point. The breathing disturbances from receiving an electric shock were 
conditioned separately to a buzzer and to a vibration applied to the skin. 
The buzzer alone yielded 1.63 units of respiratory disturbance, and the 
vibrator yielded 2.38 units, the arithmetical total of the two being 4.01 
(Table 4). When both stimuli 'were applied simultaneously, however, 
there resulted a physiological summation amounting to 15,94 oscillometer 
units, a value greatly in excess of a simple arithmetical total of the in- 
dependent effects. Entirely similar results were observed with the same 
subjects when their conditioned finger retractions were examined. 

There remains the further question of whether conditioned reactions 
summate with unconditioned reactions (true reflexes). Table 4 shows two 
investigations bearing on this question — one by Wendt and one by Hilgard. 
Both investigations show definite positive outcomes in excess of the simple 
arithmetical summation. 

The evidence is accordingly quite clear that conditioned reflexes mani- 
fest the phenomenon of physiological summation and frequently to a degiee 
in excess of an arithmetical summation. 

External Inhibition, One of the most conspicuous characteristics of 
conditioned reflexes is their extreme susceptibility to what is known as ex- 
ternal inhibition. Conditioned reflexes even when well established and of 
long standing are very likely to become greatly weakened or to disappear 
entirely at the intrusion of any ‘‘extra” stimulus, that is, one to which the 
animal has not been accustomed in the experimental situation. Thus Pav- 
lov reports (1927, p. 45) the frequent inability of his students to demon- 
strate to him a newly established conditioned reflex, because his presence 
constituted an extra stimulus which produced an external inhibition of the 
conditioned reaction. Evans (1930, p. 350) gives a quantitative example 
of the same tendency. A phonograph record was played for a few seconds 
at about the time a conditioned salivary stimulus was applied to a dog. 
This resulted in a drop of the conditioned reaction from 100 per cent 
to 10 per cent. This phenomenon has constituted a serious difficulty in 
the conduct of conditioned-reflex experiments, at least with dogs. Among 
other things, it practically forced the Russians to construct special stim- 
ulus-proof laboratories in order to avoid the intrusion of extra stimuli. 

It is important to observe that external inhibition operates qn negative 
as well as positive excitatory tendencies; it will accordingly be considered 
again in connection with inhibitions of the extinctive variety (pp. 440 ff.). 

Extinctive Inhibition and Spontaneous Recovery, Probably the most 
significant work of Pavlov and his school has been the experimental de- 
lineation of the phenomena which he calls internal inhibition. One of the 
most conspicuous and important forms of internal inhibition appears as the 
result of the process known as experimental extinction. This consists 
merely of the presentation of the conditioned stimulus on successive oc- 
casions with the omission of the application of the unconditioned stimulus. 
The process may be illustrated by two cases of experimental extinction re- 
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TABLE 5 

Two Typical ExPERiMENrAL-ExTiNcnoN Series from Pavlov’s Laboratory 
(From Pavlov, 1927, pp. 49 and 55.) 


Acid salivation conditioned to 
tactile (weakly), to metronome 

Successive Alimentary salivation condi- (medium), and to buzzer 


unreinforced 

tinned to a 

metronome 

(strongly) 

stimulations 

Stimulus 

No. of drops 

Stimulus 

No. of drops 

1 

metronome 

10 

metronome 

13 

2 

11 

7 

(1 

7 

3 

i( 

8 

<1 

5 

4 

i( 

5 

<4 

6 

5 

i( 

7' 

« 

3 

6 

(< 

4 

(4 

2.5 

7 

(( 

3 

44 

0 

8 



ti 

0 

9 



tactile 

0 

10 



metronome 

0 

11 




biiz/er 

2 5 


'^Professor Pavlov cnteied the laboiatory at this stimulation, causing disinhibi- 
tion. 


ported in some detail by Pavlov, and summarized in Table 5. In the first 
case a metronome was associated with the pving of food, and in the sec- 
ond three different stimuli were independently associated with the giving 
of acid. The reactions of the dogs in both cases show a rapid and fairly 



Figure tt 

Equally Weighted Composite Vincestt Graphs of the Curve of Experimental 
Extinction from Ten Subjects 

The curve at the left represents the extinction at once after establishment; that 
at the right, the extinction after a spontaneous recovery from the first extinction. 

(From Switaer, 1933.) 
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progressive decrement in the strength of response until it entirely disap- 
pears. 

This process readily lends itself to quantitative investigation. Some of 
the more important studies, in addition to those of the Russians, have been 
reported by Kleitman and Crisler (1927), Switzer (1930, 1933), and 
Hudgins (1933). These investigations reveal two fairly distinct types 
of curves. Perhaps the most common is that reported by Switzer and re- 
produced as Figure 27. This is an equally weighted composite Vincent 
graph based on a lather protracted experimental-extinction series from 
ten subjects. The conditioned stimulus was a faint light, and the activity 
measured was the galvanic skin reaction originally caused by an electric 
shock. This type of curve usually shows a fairly steep fall at the be- 
ginning, which gradually approaches the horizontal as complete extinction 
is approximated. 

The second type of experimental-extinction curve was first reported by 
Switzer in 1930. Since that time, similar observations have been made by 
Scott (1930), by Hudgins (1933), and by Hilgard and Marquis in an 
as yet unpublished study.® This second type of experimental-extinction 
curve is well illustrated by the pair of composite graphs plotted from 
Hudgins^ data and reproduced as Figure 28. It may be seen that this 
curve rises sharply at the outset for one or two stimulations, after which 
it proceeds to fall rather steeply and then more gradually as it approaches 
zero, exactly like the more usual curve of extinction. As yet the experi- 
mental conditions which bring about these two types of curve have not been 
determined. 

Curves of experimental extinction must not be confused with curves of 
forgetting, as has sometimes been done (Kleitman and Crisler, 1927). 
The two are clearly distinguished by the fact that if the organism in which 
experimerital extinction has been produced is left alone for a time and 
then tested it will usually be found that the reaction has again become 
active. This important characteristic is known as spontaneous recovery. 
Apparently, in some cases, particularly with very thoroughly established 
conditioned reflexes, this spontaneous recovery may be complete (Pavlov, 
1927, p. 58). With only moderately well-established reactions, however, 
the recovery is likely to be incomplete and the extinction process on suc- 
cessive occiisions usually becomes more and more rapid (Pavlov, 1927, p. 
61). A concrete illustration of both the incompleteness of recovery and 
the more prompt extinction on the second occasion is shown on the right- 
hand portion of Switzer's composite graph (Figure 28). 

Pavlov (1927, p. 57) has called attention to the extremely significant 
fact that, if the presentation of the conditioned stimulus is continued after 
it has ceased to yield any detectable response, the extinction process still 
goes on as a “silent extinction” below or beyond zero. Since salivation 
cannot directly yield a negative value, Pavlov was forced to resort to in- 
direct means in proving the reality of this sub-zero extinction. One 


®By permission of the investigators. 
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FIGURE 28 

Composite Graphs Showing the Progress op Experimental Extinction of the 
Conditioned Constriction of the Human Iris 
Each graph represents independent extinctions from eight subjects. 

(Plotted from data published by Hudgins, 1933.) 

typical bit of evidence adduced is that, where the conditioned stimulus 
is presented repeatedly after it has ceased to evoke a reaction, the time 
required for spontaneous recovery is lengthened (1927, p. 58). Garvey 
(1933), however, has reported some direct experimental results which ap- 
pear to support Pavlov’s thesis. Human subjects were stimulated by a 
buzzer and a cutaneous vibrator for 30 successive times. The variability 
of the respiration was measured (p. 402) for the five breaths preceding 
and following the stimulus, and the reaction score was the former sub- 
tracted from the latter. The mean differences for six subjects in groups 
of five stimulations were as follows: 

4*2,7, 4-.9, 4-1.7, 4-1.0, 0.0, --2.6 

Here the adaptation process seems to have declined progressively with 
continued stimulation, passed through the zero on the fifth group of 
stimuli, and into a negative phase on the sixth. These results, while 
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suggestive, are in need of confirmation from experiments based on other 
processes capable of yielding direct negative values. 

Hudgins has made a novel observation in this connection. Three of his 
subjects (pp. 399 ff.) were given an experimental-extinction series of 21 
stimulations. The conditioned stimulations were verbalizations as given 
by the experimenter and the same words when spoken by the subjects. In 
no case was there any sign whatever of a diminished reaction throughout 
the extinction series. Indeed, there was some indication of an incieased 
vigor of reaction. It is possible that we have in these results a distinctly 
significant phenomenon, w'hether the resistance to experimental extinction 
was the result of the nature of the stimuli, or whether due to^ the fact that 
the conditioning had been more protracted than usual, ^'hese observa- 
tions are greatly in need of verification. See Steckle and Renshaw (1934). 

Finally, it must be emphasized that experimental extinction, while 
troublesome to the experimentalist working in this field, must not be re- 
garded as a failure or defect in the learning process but rather as in the 
highest degree an adaptive learning reaction. The primary or positive 
conditioning mechanism, as we have had ample occasion to observe in the 
preceding pages, appears to be an almost totally indiscriminate process; 
any stimulus which impinges on the organism shortly before the impact 
of a strong unconditioned stimulus tends to acquire the capacity to evoke 
a functional equivalent of the unconditioned reaction. Naturally, many 
such stimulus-combinations must take place in the life-historv of every 
organism by purely fortuitous associations of conditioned with uncondi- 
tioned stimuli. Such tendencies to the evocation of conditioned reactions 
must, for the most part, be maladaptive. The mechanism of expeiimental 
extinction thus furnishes an absolutely necessary corrective to a wholly 
indiscriminate primary tendency to excitatory conditioning. The basic 
conditioning process may thus be regarded as a primary physiological 
adaptive mechanism of absolutely vital importance, and the tendency to 
experimental extinction may be considered as a secondary or corrective 
mechanism to eliminate those fortuitously acquired proclivities to action 
which are useless. 

Disinhibitlon, We have .seen above (p. 436) that the intrusion of an 
extra stimulus into a conditioned-reflex situation will usually weaken or 
completely abolish the conditioned reaction. We must now point out that 
such an extra stimulus applied to the organism after the setting-up of an 
extinctive inhibition also disrupts the inhibition. There is this difference, 
however, between the two situations: The complete external inhibition of 
the conditioned reflex leaves no reaction whatever, whereas the complete 
external inhibition of an extinctive inhibition tendency leaves the positive 
or excitatory tendency, upon which the extinctive inhibition was based, at 
substantially its original strength. 

The phenomenon of disinhibition is illustrated in an excellent manner 
by one of PavWs tables (1927, p. 65), which is reproduced as Table 6. 
In this experiment the dog had two fistulas, one from the submaxillary 
and one from the parotid gland. Both gave entirely concordant results. 
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TABLE 6 

A Table Summarizing Dr. Zavadsky^s Experiment Illusir vting Both Simul- 
taneous \ND FeRsEVFR \TIVE DlSINHIIU'J ION 
(From Pavlov, 1927, p. 65.) 


Amount of saliva in diops 
during one iiiimite 




From 

From 



subm axil- 

pa lot id 

Time 

Stimulus applied during one minute 

lary gland 

gland 

1:53 P.xM. 

Meat powder piesented at a distance 

11 

7 

1:58 

(( i. U (( ({ 

4 

2 

2:3 “ 

tt it l( <i it ti 

0 

0 

2 8 “ 

Same 4" tactile stimulation of svin 

3 

1 

2:13 “ 

Same + knocks undei the table 

2 

1 

2.18 “ 

Meat powder at a distance 

0 

0 

2:20 “ 

Prof Pavlov enters the loom contain- 
ing the dog, talks, and stays for two 
minutes. 



2:23 “ 

Meat powdei at a distance 

5 

2 

2:28 “ 

Same 

0 

0 


Note ^ Previous to this ex{)eiiment it had been repeatedly shown that ruM'ther 
the tactile nor the auditory stimulus, nor the entry of Professor Pavlov into the 
experimental room, produced an> secretory effect at all. 

The first three stimulations were not rcinforcetl and produced an extremely, 
rapid experimental extinction. At the fourth trial, however, the pres- 
entation of the meat powder was accompanied by an “extra’’ stimulus 
in the form of a tactile stimulation of the skin. Three drops of saliva are 
secreted, which indicates that the inhibition is partly abolished. Five 
minutes later the meat powder is aj^ain presented, this time accompanied 
by knocks under the table. Disinhibition is ap;ain manifested by a secre- 
tion of two drops. After five minutes the meat powder is presented alone; 
the zero reaction indicates that the extinctive inhibition has returned. 

The reactions just considere<l are cases of simultaneous disinhibition. 
Disinhibition, ^ however, shows the additional characteristic of a tendency 
to perseveration, or after-effect. 'Jlie entrance of Professor Pavlov into 
the experimental room for two minutes (Table 6) served as an obvious 
external inhibition. One tninute after he had left, the meat powder was 
prpented at a distance and it evoked the conditioned reaction of five drops; 
this illustrates the perseveration effect. Five minute.s after this, however, 
the same stimulus produces no reaction, which shows that the perseveration 
was distinctly limited. 

Rapid oscillation of the reaction as just described naturally raises a 
certain degree of skepticism concerning its interpretation, particularly since 
Pavlov and his pupils do not publish detailed results, but only present 
samples such as that shown in "Pable 6. Obviously, it should he possible 
to choose samples which would illustrate almost any conceivable hypothesis. 
Such tables serve as illustrations rather than proof. For this reason an 
extremely careful and systematic investigation of this question recently 
performed by Switzer (1933) has special relevance. In this connection it 
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is important to observe that a complete proof of the principle of disinhibi- 
tion involves no less than seven distinct steps, as follows : 

1. The conditioned stimulus must be tested at the outset to establish its 
substantial neutrality so far as the reaction being investigated is concerned. 

2. The conditioned reflex must be established. 

3. The conditioned reflex so established must undergo extinctive in- 
hibition, 

4. An extra stimulus must be introduced. 

5. The conditioned stimulus when applied soon after must show a de- 
finite recovery of its capacity to evoke the conditioned reaction. 

6. After a quiet period of some minutes the application of the condi- 
tioned stimulus should again have lost its excitatory power, 

7. After a period of some hours the application of the conditioned 
stimulus must, through the power of spontaneous recovery, have regained 
its excitatory capacity in order to show that the excitatory tendency really 
existed at point 6, but failed to evoke its reaction because of the re- 
appearance of the inhibition originally set up by the extinction. 

Switzer^s experiment conformed to these requirements in a rather 
elaborate manner- The conditioned stimulus was a faint light; the un- 
conditioned stimulus was a shock on the finger ; the response recorded was 
the galvanic skin reaction; and the extra or disinhibiting stimulus was a 
buzzer. Ten subjects were carried through this routine, and all of them 
showed clear indications of the genuineness of the principle of disinhibition. 
The results of the investigation as a whole are shown by Switzer’s diagram 
reproduced as Figure 29. Between columns 2 and 3, the conditioned 
galvanic reaction had been extinguished to zero, but after the giving of 
the extra stimulus (buzzer) the reaction rose to 16.59 oscillometer units, 
only to sink to 1.93 (column 4) within three or four minutes. Some 
hours later, however, spontaneous recovery brought it up to 7.30 (column 
5). When this in its turn had suffered extinctive inhibition, the extra or 
disinhibiting stimulus (buzzer) was applied once more and the reaction 
rose to a height of 7,57 (column 6), which was higher than it was prior 
to the second extinctive inhibition. Three minutes later, however, the 
inhibition had returned, as shown by the insignificant reaction of 1,27 
(column 7). 

Conditioned Inhibition, To superficial observation, extinctive inhibi- 
tion appears to be merely the loss of an excitatory tendency, much the same 
as happens in ordinary forgetting through the lapse of time. This is by 
no means the case. Instead, internal inhibition is a definitely active 
tendency. Because of its essentially hidden nature this does not become 
manifest except by special experimental means. Quite possibly this is the 
reason it has so long passed unnoticed in the psychology of the higher 
learning processes. 

One of the most convincing evidences that extinctive inhibition, for 
example, is a living though negative force is furnished by the fact that it 
may be conditioned like any positive excitatory tendency. Consider the 
following example taken from Pavlov: A rotating object, the flash of a 
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Composite Column Diagram Showing Mean GSR of Experimental Group at 
Various Stages in Experimental Procedure 
mean of last three unconditioned responses to shock preceded by light 
2y mean of first three conditioned responses to light 

J, mean of first three responses to light after disinhibition by buaiaser following 
experimental extinction (27 tests) 

mean of first three responses to light following average delay of 198 seconds 
5, mean of fiirst three conditioned responses to light after spontaneous recovery 
periods varying from 3.5 hours to 16 days 
<5, mean of first three conditioned responses to light after disinhibition following 
second experimental extinction (23 tests) 

7, mean of first three responses to light following average delay of 184 seconds 
(From Switzer, 1933, p. 92.) 

lamp, and the tone from a tuning fork were each conditioned independently 
to the alimentary salivary reaction, the first normally yielding 16 drops 
of saliva in one minute, and the second, 17. Next the rotating object was 
given a good many timas in conjunction with a tactile stimulus, but with- 
out reinforcement. In such a combination' the tactile stimulus is known 
as the conditioned inhibitor. This combination naturally suflFcred extinc- 
tive inhibition, though the rotating object (which meanwhile was oc« 



444 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

casionally reinforced) retained its strength. After the above prepara- 
tion, the tactile stimulus was given in conjunction with the flash of the 
lamp. Its dynamic negativism is shown by the fact that under ^ these 
conditions the flash of the lamp yielded a secretion of only 2 drops in one 
minute. It has also been shown that the negative power of the conditioned 
inhibitor applied in combination with another stimulus, as above, will per- 
sist in such a way as to inhibit a reaction occurring some minutes later. 
Even when the conditioned inhibitor is given by itself it produces an 
appreciable inhibitory after-effect. 

Perhaps a still more convincing evidence of the dynamic negativism of 
internal inhibition is found in the fact (Pavlov, 1927, p. 107) that the 
conditioning of internal inhibition may be carried even to the second order. 
The experiment to demonstrate this may be set up as follows: Two 
alimentary conditioned reactions may be established independently, one, 
$a 3 ^ to a rotating object and the other to a flash of light. ITen the rotat- 
ing object may be subjected to extinctive inhibition. Next the sound of a 
metronome, which has previously proved itself entirely neutral and so 
incapable of producing external inhibition, is given in conjunction with 
the extinguished rotating object a number of times. Now, if at this 
juncture the second conditioned stimulus (the flash of light) is presented 
alone it may produce 7 drops of saliva in 30 seconds. But if it is presented 
in conjunction with the previously neutral metronome the yield may be 
only 2 drops, thus showing that the metronome has acquired inhibitory 
characteristics. 

The Inhibition of Delay* In connection with the development of de- 
layed conditioned reflexes and trace conditioned reflexes (pp. 421 ff.) the 
extremely important phenomenon of inhibition of delay has been observed. 
If, for example, a tactile stimulus is delivered continuously for four min- 
utes and at the end of three minutes acid is placed in the dog*s mouth, 
there will in time develop a delayed conditioned reflex, the characteristic 
phenomenon consisting of the fact that the reaction does not normally begin 
for some time after the onset of the stimulus. Thus in one experiment 
reported by Pavlov (1927, p. 93) the salivary secretions during successive 
half minutes after the beginning of the tactile stimulus were: 

0, 0, 0, 5, U, 13. 

It is our concern here to point out that the failure of the reaction to take 
place during the first three periods suggests the presence of internal in- 
hibition. The evidence for this, as usual in this field, must be indirect. 
One method of proof is to test it for disinhibition by accompanying the 
tactile stimulus by an external inhibiting stimulus in the shape of a metro- 
nome sound. When that was done the following secretions were obtained 
at half-minute intervals: 

7, 7, 3, S, ^ 9. 

That this disinhibition was temporary, as is usually the case, is shown by 
the fact that 15 minutes later the tactile stimulus alone gave the reaction: 

0, 0, 0, 3, 12, 14. 
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Sleep, Pavlov (1927) and his associates frequently observed that in 
the setting-up of delayed and trace conditioned reflexes the animals had a 
strong tendency to fall asleep. In some cases the dog would begin sleeping 
almost on the instant of the deliver\' of the conditioned stimulus and would 
sleep throughout the period of delay, but would awake at the point when 
the reaction took place. Pavlov also believes that inhibitions spread in 
such a way as occasionally to involve the reactions of all parts of the body. 
This, in conjunction with the above observations, led him to a characteris- 
tic theory of sleep. He states in substance that sleep results from a pro- 
found degree of irradiation of internal inhibition. This is in harmony 
with the observations of numerous investigators that true reflexes such as 
the knee-jerk either disappear entirely or are greatly weakened during 
sleep (Bass, 1931). 

Hypnosis, As a kind of corollary to his theory of sleep, Pavlov (1927) 
has put forward an hypothesis concerning the nature of hypnosis. This 
is in substance that hypnosis is fragmentary sleep resulting from a partial 
irradiation of inhibition from some central source. Bass (1931), however, 
has produced evidence which indicates that Pavlovas conjecture in this 
case is distinctly less promising than has been his hypothesis concerning 
sleep. Bass showed experimentally that the knee-jerk and voluntary re- 
action to signals, both of which either disappear or are greatly weakened 
during sleep, show a behavior during hypnosis hardly, if at all, distin- 
guishable from that of the waking condition. It accordingly seems in this 
instance that Pavlov’s hypothesis is incorrect. 

Generalization, Irradiation , and Differential Inhibition, When con- 
ditioned reflexes arc in the process of being established to a stimulus such 
as a particular tone, or to a touch on a particular spot, there is a marked 
tendency for all other tones and for touches on all other places on the skin 
of the organism to evoke the reaction. This appears to be especially char- 
acteristic of trace reflexes, where the gcncrabVation is so profound as to 
spread even from one sense field to another. An example of the cutaneous 
irradiation of a conditioned reflex in a dog studied by Anrep (1923) is 
as follows: He set up an alimentary conditioned salivary reflex to a 
spot on the left thigh of the dog, which yielded on the average 53 drops 
of saliva in 30 seconds. He then tested out systematically five other 
places at progressive steps distant from the point originally conditioned, 
and obtained mean secretions of 45, 39, 23, 21, and 19 drops respectively. 
Anrep also reports a similar spread of conditioned inhibition. 

Pavlov believes that irradiation is not only characterized by | spatial 
gradient as just described, but that the spread has fairly marked temporal 
characteristics as well. A great deal of space is devoted to the elaboration 
of this principle in his major work (1927). Loucks (1933) has made a 
careful examination of a great part of the Russian experimental evidence 
regarding these alleged gradients and is of the opinion that it is far from 
conclusive. 

Recently, however, an American experiment on human subjects in 
which the galvanic skin reaction was employed seems to have demonstrated 
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in art unambiguous manner the alleged phenomenon of an irradiation 
gradient on the skin, both for excitation and for inhibition. The subject 
lay completely nude on a cot, as shown in Figure 30. Four practically 



Diagrammatic Representation of the Subject’s Immediate Environment, the 
Blanket (B) Which Covered the Framework (F) and a Portion or* the 
Box-Like Light Screen (LS.) Being Removed io Reveal the Interior 

R, one of the two ear phones used to produce a sound screen; S, the strap 
binding the silver electrodes used to deliver shocks to the subject’s light wrist; 

S, C,^ conductor for shock current; C, the strap binding the silver electrodes used 

to take off the electric cunent from the left hand; G. €., conductor of the skin 
E.M.F.; and Tq, vibratory tactual stimulators; conductors supply- 

ing the vibratory-tactual stimulators. 

(From Bass and Hull, 1934.) 

silent vibratory tactual stimulators were placed at intervals along the left 
side of the body, as may be seen. In the excitatory-irradiation experiment, 
one stimulus, e.g., that on the shoulder, would be conditioned to a shock 
delivered to the wrist. After this conditioned reaction had been set up it 
was found that not only the shoulder stimulus would evoke the galvanic 
skin reaction characteristic of the shock but all the other stimulators would 
do so as well and with an intensity diminishing with the remoteness from 
the point specifically conditioned. In the inhibitory-irradiation experiment 
the substance of the technique was to condition all four points to the shock 
and then submit one, e.g., that on the shoulder, to a partial experimental 
extinction, and measure the magnitude of the responses evoked by stimulat- 
ing each of the four points impartially. It was found that the point 
specifically extinguished showed the weakest reaction and the other points 
progressively weakened reactions, according to their proximity to the in- 
nibited point, exactly in accordpee with the claims of the reflexologists. 
Bass and HuIFs graph representing the inhibitory gradient is reproduced as 
Figure 31* 

It is important to observe that the tendency to generalization is of 
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FIGURE 31 

Composite Graph Showing Gradient of Irradiation or Generalization of the 
Extinctive Inhibition of a Tactile Galvanic Skin Reaction in Man 
Zero is the point inhibited (see Figure 30). Each point represents the mean from 
256 measurements, 32 from each of eight male subjects. 

(From Bass and Hull, 1934.) 

primary importance in biological economy, since without it organisms would 
need to undergo separate conditioning in order to react to every slightest 
variation in the conditioned stimuli which, strictly speaking, are never 
exactly alike on any two occasions. On the other hand, many situations 
really demand a restriction on the range of the reaction. Here once more 
the mechanism of extinctive inhibition enters as a corrective agency ; those 
situations which are not followed by reinforcement gradually^ develop an 
inhibition while the related stimuli which are reinforced continue at full 
strength. The inhibition thus produced is known as differential inhibition* 
Some Applications of the Conditioned Reflex* One of the most extensive 
applications of the conditioned reflex has been in the determination of the 
sensory capacity of the lower organisms. A second method of determining 
sensory capacity of animals has been that of choice reaction. In this con- 
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nection a controversy took place between Anrep (1920) and Johnson 
(1913) as to whether dogs could discriminate pure tones, the former using 
the conditioned-reflex technique and the latter the choice reaction. The 
outcome of the controversy in the main was a rather strong indication that 
the conditioned reflex is a distinctly more precise instrument for the de- 
termination of sensory thresholds with animals than is the choice reaction. 

Until recently the interpretation of the conditioned-reflex thresholds 
determined on lower organisms has been hampered because their relation to 
the thresholds determined by ordinary psychophysical judgments was not 
known. This uncertainty has been cleared up by a careful experimental 
study by Newhall and Sears (1933). The absolute threshold for light 
was determined on seven subjects, both by the conditioned-reflex method 
and by the ordinary method of verbal report. The leaction employed wjis 
the finger retraction to an induction shock. The two methods were found 
to yield substantially equivalent results. 

A second wide application of the conditioned reflex, because it offers a 
precise method of determining the sensory capacity of the lower organisms, 
has taken place in the investigation of the effects produced by experi- 
mental destruction of various portions of the nervous ssystem. An 
tensiye literature is being developed in this field (Pavlov, 1927, p. 320) 
but it lies outside the scope of the present account, 

A third application of the conditioned reflex concerns the so-called higher 
mental processes. In this connection there have been two points of view: 
One hypothesis prominent in the earlier behavioristic literature (Watson, 
1924) conceives reflexes as the basic units from which all adaptive behavior 
is built. They are supposed to be organized into chain sequences by the 
principle of conditioning. Recent work by Coghill (1929) on the young 
of lower organisms and extensive work of others on human infants seems 
to make this hypothesis less and less likely of ultimate verification. 

A second hypothesis concerning the relationship of the conditioned re- 
flex to the higher adaptive processes conceives the former as a comparatively 
simple type of learning which, through its’ simplicity, enables the basic 
learning mechanisms to be laid bare with relative case. A brilliant ex- 
ample of such an outcome is seen in the discovery of the complex phe- 
nornena of internal inhibition. According to this hypothesis, internal 
inhibition with its various and complex characteristics should be found 
present, though hidden as usual, in ordinary habits (Hull, 193Qa, 1931). 

A concrete illustration may serve to make this point clear. In order to 
test the hypothesis, the writer (1934) ran albino rats in a 42-foot straight 
alley in which the speed of running of each successive 5-foot section could 
be accurately determined. It was found that if a slight sound was made 
the animals slowed their pace markedly, which agrees perfectly with the 
principle of external inhibition (Pavlov, 1910). It was also found that 
^hen the food reward was taken away these animals ran progressively more 
slowly, thm manifesting a weakening of the excitatory tendency, which 
IS exactly what wodd be expected on the principle of experimental extinc- 
tion. A period of 24 hours, however, regularly produced an almost com- 
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plete recovery of speed of running, which is precisely '\\hat one would 
deduce from the principle of spontaneous recovery. Moreover, there was 
evidence that each destruction of the running-tendency took place more 
promptly than the preceding one, which again conforms to expectation on 
the hypothesis that the same principles are operative in ordmaiv habit 
structures as in conditioned reactions. By the same hypothesis, if a dis- 
turbing sound should be given just before the animals are released from 
the starting-box when in a state of experimental extinction, they should 
temporarily recover much of their previous speed, though within a few 
minutes they should revert to their former state of inhibition. Some pn^- 
liminary attempts have been made by the author to test this expectation, 
but they have yielded only ambiguous and inconclusive results. 

A special hypothesis concerning internal inhibition has been put forward 
by Lepley (1932). The substance of this lies in an identification of 
the trace conditioned reaction with the remote excitatory tendencies shown 
to exist in rote learning by Ebbinghaus (1913) and more recently by 
Hall (1928). Tf this identification is true in any important sense, two 
alleged characteristics of trace conditioned reflexes should be found oper- 
ative in rote series: (a) the reactions should tend, under a number of 
distinct circumstances, to appear at greater or less distances in advance 
of the point of reinforcement (Switzer, 1934), and (b) the internal in- 
hibition which is supposed somehow to occupy the period of delay should 
tend to weaken all reactions which occur within this interval (Pavlov, 
1927, pp. 173 ff.). From these principles, in conjunction with conditions 
characteristic of rote series, it is possible to deduce and, in this sense, 
genuinely integrate and explain a considerable number of rote-learning 
phenomena which have hitherto appeared to be quite unrelated (Hull, 
1935«). Out of a score of such deductions which have been made to 
date, there is fairly good evidence in support of seventeen, there is as yet 
no available evidence regarding two, and one deduction appears to he 
definitely opposed by the evidence. 

In conclusion it may he pointed out that it is in connection with the 
application of principles discoveiahle in conditioned-reaction experiments 
to the interpretation of more complex behavioral processes that conditioned- 
reaction investigations such as have been discussed in the foregoing pages 
are likely to have their greatest significance. Two concrete segments of 
such a development have been alluded to in the immediately preceding 
paragraphs. Similar studies have been made in the field of simple trial- 
and-error learning (Hull, 1930/?), the maze learning of rats (Hull, 1932, 
1934/?), the locomotor behavior of young children in the face of obstacles, 
extensively studied by Lewin and his pupils (Hull, 1935^), and a form 
of insight involving the assembly ^for concrete problem solution of habit 
segments never previously used in that particular combination (Hull, 
1935r). There is reason to believe^ that parallel developments will pres- 
ently take place in the fields of learning the school subjects and educational 
psychology generally, of social psychology, of moral behavior and delin- 
quency, of psychoanalysis and the whole field of psychogenic disorders, of 
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the theory of empirical knowledge, of the more complex forms of sys- 
tematic symbolic behavior including various forms of insight thought, and 
reasoning — ^in short, wherever in human or animal behavior habits play 
a significant role. 

To a very large extent, what has passed for theory among the classical 
psychologists has really been metaphysics in the sense that the principles 
have not been of such a nature as to yield concrete deductions which might 
be submitted to critical experimental test. Even today, despite universal 
agreement that untestable hypotheses have no place in truly scientific theory, 
dogmas essentially metaphysical in this sense continue to be put forward 
in the name of science and to be widely accepted ; thus do the misfortunes 
of its metaphysical origin continue to afHict the science of behavior. In 
contrast to this, the attempts at theoreticjil systematization of mammalian 
behavior which are evolving from principles discovered in conditioned-reflex 
experimentation take as their aim the development of a structure of 
scientific theory analogous to that of quantum mechanics in modern phy- 
sics — an aggregate of unambiguous principles from which may be deduced 
numbers of novel phenomena which, in turn, will be ruthlessly subjected 
to experimental trial at the earliest opportunity. Whether such a de- 
velopment will prove possible in the field of mammalian behavior on the 
basis of conditioned-reaction and related principles, or indeed of any prin- 
ciples whatever, time alone can tell. Meanwhile the criterion of success 
of this program is of such a nature that it applies equally to any and all 
systems, however diverse, which seriously aspire to a scientific status, and 
they should all alike be judged on this rigorous basis by students of be- 
havior. 
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CHAPTER 10 


LEARNING: III. NERVOUS MECHANISMS 
IN LEARNING 

K. S. Lashley 

University of Chicago 

The adult animal shows few reactions which have not been modified 
by experience. These modifications appear in a variety of forms whose 
relations to one another are not yet clear. Hysteresis, fatigue, adaptation 
or acclimatization, increase in excitability, progression of physiological 
states, associative memory or conditioned reflexes, after-imagery, immedi- 
ate memory, and recognition have been variously distinguished as con- 
stituting different types of alteration. So little is known of the deter- 
mining factors in any of these phenomena that they can be differentiated 
only in terms of the stimulus-response relationships involved. Hysteresis, 
fatigue, adaptation, and increase in excitability imply only a change in the 
intensity of stimulation necessary to elicit the response. In progression 
of physiological states (the successive reactions of Stentor reported by 
Jennings, the succession of movements in spinal irradiation described by 
Sherrington) the external stimulus is constant while the reaction varies. 
This type of alteration does not indicate any change in the innate pattern 
of internal connections between receptor and effector, but only a tem- 
porary change in the relative conductivity of different systems, 

A different mechanism seems to be implied by the remaining types of 
modification. In associative memory a reaction is called out by a stimulus 
which, before training, was incapable of eliciting it. The reaction to 
one stimulus is transferred to another which differs from the first, not 
merely in intensity but in location on the receptor surfaces. This change 
in the relations of pattern between stimulus and response suggests a 
corresponding change in the pattern of the conducting system. It has 
led to the conception of the formation of new paths between receptors 
and effectors which is the basis of most theories of learning. 

By many writers this is regarded as the type of all true learning and 
the effort is made to describe every sort of association in terms of combina- 
tions of simple associative reactions. Habits become chains of conditioned 
reflexes, images are motor reactions, logical memory the product of implicit 
trial and error. By otiiers, reproductive memory is distinguished from 
habit or motor memory on the ground that the former does not involve 
activity of the effector systems, but is a purely intraneural process re- 
sulting in a reproduction of the sensory impressions orginally aroused 
by peripheral stimulation. Immediate memory differs from other forms 
in its temporary character and ease of inhibition. Logical memory and 
recognition are distinguished by Bergson and others, chiefly on the ground 
that they are not subject to the law of exercise, and made the basis for 
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animistic speculation. Poppelreuter (1915) considers all leaininci; to be 
of the type of logical memory. Hering, Semon, Rignano, and others have 
held that memory is a basic property of protoplasm; neurologists have 
been inclined to regard it as the product of some particular organization 
of nerve cells. 

With this variety of description and interpretation we are justified 
in raising the question whether the concept of learning or of memory 
embraces a unitary process which can be studied as a single problem, 
or whether it may not instead cover a great variety of phenomena having 
no common organic basis. The question cannot be answered until the 
physiological mechanisms of a variety of habits and memories have been 
worked out. 

Evidence as to the nature of learning and the organic changes involved 
is to be sought in a number of fields of investigation. The nervous system 
is of unquestioned importance for the adaptive responses of the adult 
organism, and a study of its development as well as of its mature 
structure is significant for an understanding of its functioning. The 
investigation of the factors which determine the differentiation and growth 
of the nervous system in the embryo bears directly on the problems of the 
origin of the functional connections for both instinctive and acquired 
behavior. Study of the limitations placed upon learning by Injuries to 
the nervous systems of higher animals gives evidence on the same points. 

Another means of attacking the problem of learning is by analysis of 
the sensory and motor components of habits and the general nature 
of the disturbances of memory resulting from destruction within the 
integrating system. This material sets certain problems of integration 
which any theory of the nature of the learning process must take into 
account. Finally, a study of the conditions under which learning occurs, 
of the agents which accelerate or retard the process and of the uniformity 
of their action provides the material upon which general theories of the 
nature of learning have been directly based. We shall take up these 
various approaches to the problem in order, then review the chief current 
theories of the mechanism of learning to determine in how far they are 
consistent with the facts revealed by experimental studies. 

The Origin of Behavior Patterns during Growth 

Most species of animals at birth show complex and well-integrated 
responses, for the learning of which there seems to have been little, if 
any, opportunity. The neural patterns leading to these responses are 
a product of heredity and growth, in the same sense that other bodily 
structures are. The many recent attacks upon the conception of instinct 
have neither altered this fact nor advanced our understanding of it. The 
mechanisms contributing to the development of instinctive patterns are 
of interest, not only because a knowledge of them may contribute means 
for control of the fundamental patterns of behavior but also because 
the forces which contribute to development are probably not greatly 
different from those which enter into later functional activity and an 
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analysis of them may throw some light upon the more difficult problems 
of integration. 

Factors Influencing Growth, The fertilized ovum already shows cer- 
tain structural differentiations — fertilization pore, centrosomes, nuclear 
structures, internal fibers — to which the succeeding stages of development 
may be referred. Before segmentation the axial direction is, in most 
cases, determined, and the first segmentation plane follows this polariza- 
tion. The division into two cells at once introduces new complexities in 
the relation of parts. The contact of the two cells limits respiration 
through the contiguous membranes and introduces a secondary lateral 
polarity which is certainly influential in determining the position of the 
next segmentation plane. And so, throughout the history of segmentation, 
each new structure produced serves to complicate the physicochemical 
relations of the parts and lays the foundation for the next step in dif- 
ferentiation. 

In part, the potential plasticity of the cells is retained so that when the 
influences of adjacent structures are altered they undergo a de-differentia- 
tion and develop into structures other than those which they would 
have formed had they retained their normal position within the organism. 
Thus in some frog larvae the ectoderm on any part of the body may be 
induced to differentiate into a lens under the influence of a developing 
eye-cup. But definite limits to the developmental potentialities of most 
tissues are set at an early stage of growth. Thus when differentiation 
of a limb bud is once begun, the growing tissue will form a limb though 
it is transplanted to an entirely different part of the body. Growth 
thus presents a continuous compromise between this tendency to self- 
differentiation and a subjection of the tissues to influences and limita- 
tions of development arising from their relationships to other developing 
parts of the body. After the first few cell divisions, potentiality for 
development is probably never w'holly unlimited except in the germinal 
tissue. On the other hand, the differentiated tissue, though limited to 
the formation of certain structures, is still subject to important influences 
from other parts. The developing limb bud from the right side will 
produce a right leg even wlien transplanted to the left side, but if its 
growing point is injured it may produce two legs, a right and a left, the 
polarity of each determined by the near presence of the other. 

The forces contributing to the development of the nervous system are 
essentially the same as those entering into the development of other systems. 
Neural tissue, once differentiated in the neural tube, grows into nerve 
cells, ^ in large measure independent of its environment, and normal pro- 
duction of gross structures, such as optic vesicles, cerebellum, or mid- 
brain, continues even when the rudiments of these structures have early 
been transplanted to unusual positions. But although self-differentiation 
of such gross structures appears and the general characters of nervous 
tissue are irreversibly determined early in development, at the time of 
comtriction of the neural tube, the fate of the individual neuroblasts 
(the undeveloped nerve cells) is determined much later and primarily by 
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their relations to other structures. This is illustrated by the ex ';erlinents 
of Hooker and of Detwiler (1923) upon the effects of reversinj; seL-mcnts 
of the spinal cord of salamanders. In the normal cord the first coordinat- 
ing axons developed from the neuroblasts grow toward the !iep L If 
a portion of the neural tube before the development of axons is cut 
out and replaced so that its normal anterior end is now posteri<jr, the 
first axons formed are still directed toward the head. They thus grow in 
the opposite direction, with respect to the position of the neuroblasts from 
which they are derived, to that which they would normally have taken. 
The course of the fibers is determined, not by the character of the cells 
from which they are derived, nor by the immediate surroundings of those 
cells, but by their relation to the polarization of the whole body. 

Child (1921) points out the importance of the rapid growth of the 
posterior segments of the embryo at this time in establishing a gradient 
and determining the anterior direction of growth of the neurons, and 
the later suppression of these primitive nervous connections and the 
establishment of others when the activity of growth in the posterior 
region declines. 

In determining the direction of development of the nerve fibcis, mechani- 
cal, chemical, and probably electrical stimuli play a part. Harrison has 
shown that neuroblasts growing in tissue cultures are responsive to mechani- 
cal and chemical stimuli. Recent theories of the factors in growth have in- 
clined more to stress the electrical or electrochemical. Kappers (1917), 
in the doctrine of neurobiotaxis, has developed a general theory to account 
for the gross structural relationships and the finer connections of nerve 
fibers. He assumes that excitatory processes give rise to differences in 
electrical potential, resulting in currents to which the neuroblasts are 
susceptible. Under the influence of these electric currents the axons arc 
directed and grow toward the cathode, the dendrites toward the anode. 
When the neurons begin to conduct, the passage of the nerve impulse gives 
rise to differences in potential which serve as further stimuli to cell growth 
and determine the intercellular connections which are established. Kap- 
pers* theory of selective interconnection of cells assumes that when a cell 
is stimulated its conductivity is increased. If, then, another cell in its 
vicinity is excited, the resultant potential will discharge along the pre- 
viously excited neuron, the dendrites of which will be attracted toward 
the new source of excitation. The axon will at the same time grow 
out along the path of electric discharge, until contact is made between 
it and the attracted dendrites. In this formulation Kappers has probably 
overemphasized the role of intraneural conduction at the expense of more 
general organic forces. Carmichael (1927) has shown that the mechan- 
isms of the first reflex responses of salamanders develop normally although 
the embryos are continually immobilized by a general anaesthetic. The 
doctrine that the reflex paths arc established as a result of sensory stimu- 
lation begs the question in any case, for, in assuming that electrical cxir- 
rents from the point of stimulation determine the direction of growth, 
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it presupposes the existence of those paths of high conductivity between 
sensory and motor zones whose origin it seeks to explain. 

The broader principles of polarity, of physical, chemical, and electrical 
interaction among the parts of the developing embryo sketched by Child 
seem a more fundamental approach to the problem of morphogenesis, 
although they do not supply an explicit theory of the selective connection 
of neurons which is supposed to underlie the reflex response. 

This theory of specific intercellular connections as a basis of response, 
so widely accepted in psychological and phpiological writings, calls for 
closer scrutiny. ]\lust we assume that continuous and relatively isolated 
paths from specific sense-organs to effectors are laid down in growth, or 
are the anatomical details of growth of relatively little importance for 
the later functional relationships? The enormous variability in details 
of cellular structure gives little support to the strict anatomical 
interpretation of the problem. The evidence for functional plasticity 
accords with it even less. Detwiler (1925) has sliown that when the 
limb buds of salamanders are transplanted to positions behind their 
normal ones they are, at least in part, innervated bv the outgrowth of 
fibers from neuroblasts which would normally supply the intercostal 
muscles. Nevertheless, when the connections are established, the move- 
ments of the limb exhibit normal coordination. Still more striking is 
the case in which injury to the growing tip results in the production 
of two oppositely symmetrical limbs from the same bud. In this case 
the coordination in movements of the limbs is determined by their sym- 
metry and not by tlieir anatomical position. Of course it may be assumed 
for such cases that each developing axon seeks out the muscle which 
its central connections fit it to innervate, but there is evidence from ex- 
periments on nerve-suturing that axons which originally supply one set 
of muscles will readily grow to and innervate another, so this assumption 
of selectivity of growth has little support. 

In a later section we shall present other evidence against the importance 
of the individual neuron for behavior. The evidence from growth is not 
conclusive on this point, yet it requires rather far-fetched assumptions 
concerning the selective attraction of neurons for developing axons to 
save the theory of specific cell-to-ccll connection in the face of such 
experiments as those of Detwiler (1925) and Weiss (1926). The latter 
has recognized the diflficulty and abandoned the theory of specific paths 
in favor of one based upon the differentiation of muscle fibers to respond 
to critical frequencies of excitation derived from any source. 

After birth, in mammals there is a protracted development of new 
patterns and potentialities for behavior. These have been roughly classed 
as maturation of instincts, the appearance of delayed instincts, learning, 
and the growth of intelligence. There is little cell division in the nervous 
tissue after birth, but transformation of neuroblasts into neurons continues 
for a longtime* The basis for further development of behavior is to be 
^ught in this and in further growth and proliferation of nerve fibers, 
myelinkation of fibers, increase in cell size, or chemical changes which 
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increase functional efEciency. We have little basis for judpcing which of 
these is the most important in determininiz; patterns of behavior. 

Maturation, Breed, Bird (1926), and others have f»:iven evidence that 
without opportunity for practice there is improvement in the functions 
appearing at birth. Whether this is due to the development of further 
specific integrations or to a more general improvement in coordination is 
unsettled. Bird’s observations suggest that the latter is probably the im- 
portant factor. Tilney and Casamajor report a close correspondence 
between the development of myelin sheaths in the tracts of the medulla and 
the appearance of new patterns of reaction in kittens. 

Delayed Instincts. The most conspicuous group of delayed instincts are 
the activities which appear at the time of sexual maturity. There can be 
no doubt that many of these are complex patterns of behavior which 
appear fully integrated during the sexual cycle, without previous practice. 
Mating, nest-building, recognition and care of the young, are all activities 
of this sort. The sex behavior of the male rat has been most thoroughly 
studied. Steinach and, more recently, Stone (1922) have shown that the 
internal secretion of the testis is usually essential for the first appearance of 
the behavior. In some way the particular neural pattern is activated by 
the hormone so that the mating response is given to stimuli which are 
otherwise inadequate. We can imagine several possible ways in which 
this might be brought about. The effect of the hormone might be a 
mere increase in vigor resulting in a general increase in nervous excita- 
bility. There might be an action upon the vegetative nervous system 
to increase the tone of the pelvic organs (for which there is some ex- 
perimental evidence), and this, in accord with Kerapf’s theory of seg- 
mental strivings, might reflexly facilitate the spinal integrations; these 
possibilities are opposed by evidence of the specific effects of the male 
and female hormones. Finally, the hormone may act selectively upon 
certain organized systems within the brain or cord, either to stimulate 
growth or to increase their excitability. The possibility of stimulation 
of growth seems ruled out by the rapidity with which the reactions are 
restored in castrates by implantation of testicular tissue and also by the 
fact that, in other animals at least, the reactions may sometimes appear 
before sexual maturity. 

The most probable explanation of the delayed sexual reactions^ thus 
seems to lie in the special sensitivity of a definite neural system, previously 
organized by growth, to a specific chemical circulating in the blood. Of 
course there are many complicating factors. The male tern reacts at once 
to an egg in his nest, the female only after she herself has laid an egg; 
the feminized male rat will respond to young, the female only after 
she herself has borne a litter. The effectiveness of the hormones is modified 
by many factors. Habits soon come to play a role and obscure the con- 
genital integrations. 

The experimental studies indicate the importance of three factors for 
the initiation of delayed instincts: the growth of fiber connections, the 
maturation of these fibers as indicated by the formation of the myelin 
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sheaths, and the chemical activation of neural systems. There are prob- 
ably still other factors involved, as yet unrcvealed by actual experiments. 

The Growth of Intelli/^rnce, The increase in potentialities for complex 
behavior which parallels physiological development may, like the matura- 
tion of instinct, be ascribed to any of a number of changes in the central 
nervous system. The studies of Hammarberg and of Bolton show that 
there is a measurably smaller number of mature ganglion cells in the cere- 
bral cortex of the imbecile than in that of the normal individual of the 
same age. Data which we shall present in a later section indicate that 
the complexity of the habits which can be formed and functional efficiency 
in performance is conditioned by the mere mass of cerebral tissue. These 
facts suggest that the development of intelligence with age may be a 
function of the increase in number of mature ganglion cells resulting from 
the differentiation of neuroblasts. There is a little evidence that the de- 
velopment of ncive cells is stimulated by functional activity so that it is 
possible that education as well as innately determined growth processes 
contributes to the growth of intelligence. The independent development 
of neuroblasts, on the other hand, is difficult to harmonize with the con- 
stancy of the intelligence quotient, since the latter would require a great 
regularity in the number of neuroblasts reaching maturity each year. The 
alternative, that the grade of intelligence is determined by the number of 
neurons formed at birth or shortly after, and that growth of intelligence 
is the result of a gradual maturing of these cells, is not ruled out by any 
available evidence. 

Even before the development of the neuroblasts the organism presents 
a complicated pattern in which, although there are no known specific 
coordinating structures, a great deal of integrated activity of the parts is 
carried out, slowly to be sure, but with great precision. The coordinating 
processes are chemical diffusion, the creation and conduction of electric 
currents, and a high degree of selective sensitivity to these factors on the 
part of the developing cells. With maturity these forces do not cease to 
exist and it would be strange if the susceptibility of the nerve cells to their 
action were to terminate with the completion of their growth. The 
myelin sheaths may serve to remove the axons from a large part of such 
influences, but the unmedullated portions of the cells within the gray 
miitter still remain exposed and subject to the general chemical and elec- 
trical influences as well as to specific excitations from other neurons. We 
have as yet no means of estimating the part played by such extraneuronic 
influences in determining coordination. There is little direct evidence of 
their action, yet the difficulties which the reflex theories encounter in 
application to the more complex forms of behavior may force us to seek 
the sources of integration in such factors rather than in specific connections 
of neurons. 



K. S. LASHLEY 463 

Development of Learning Capacity in the Evolottcnary Series 

Few animals lack tissue specifically differentiated for the conduction of 
impulses to movement. If we are to study the capacities for modification 
without such structures, we must turn to plants or to the rhizopods among 
animals. The various modifications of behavior reported for plants mav be 
grouped roughly in three classes: acclimatization, adaptation to stimuli, 
and the acquisition and maintenance of various rhythms of activity. The 
first of these shows few analogies with learning in animals, since it seems to 
involve an alteration of the tissues through the local action of environmental 
agents upon them. Adaptation to stimulation has been described most 
adequately for Mimosa, When these plants are stimulated by mechanical 
or other nocuous stimuli, they respond by folding their leaves. With re- 
peated mechanical stimulation it becomes more difficult to elicit this 
response, and plants may finally be brought to a state in which they 
will fail to react to continuous strong stimulation. Left unstimulated for 
a time, they recover the capacity to respond. 

Alterations in rhjjthmic activities have been reported for the time of 
discharge of spores in several marine algae and for the growth processes 
in relation to illumination in higher plants. Their relation to other 
phenomena of adaptation is not clear. 

Acclimatization in ameba has been desciibed by several writers, but 
it is not clear that anything beyond a general change in excitability is 
involved. Mast and Pusch have recorded changes in behavior of Amoeba 
Proteus which they interpret as analogous to learning in higher forms. 
The amebae were repeatedly stimulated by a beam of light directed 
across their paths, and the number of contacts with the beam before a 
complete reversal of direction occurred was recorded. This was repeated 
27 times with each of five animals. On the average there was a gradual 
reduction in the number of false starts before the reversal of direction, 
which suggests a learning curve. The animals were kept on vaseline- 
sealed slides in darkness except when tested under the microscope. No 
controls were reported to rule out the influence of the continued adapta- 
tion to darkness or the effects of possible progressive chemical change in 
the medium. Only two of the five individual records show progressive 
improvement and there is no indication of loss of the effect after inter- 
ruptions of training as long as SO hours. The data are thus inadequate 
to establish an identity of the results with associative memory. 

The problem of modifiability of behavior in other protozoa is compli- 
cated by the presence of a primitive nervous system in the form of a neuro- 
motor apparatus, which is present in the flagellates, infusoria, and probably 
in other higher forms. The function of this apparatus for conduction 
and coordination of movements has been demonstrated, but little is known 
as to the nature of its activities beyond what may be inferred from tlie 
observed coordinations of ciliary beat such as the progression of waves of 
movement, reversal of direction of such waves in restricted areas, and the 
like. 
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Adaptation to mechanical stimulation may readily be observed in sessile 
forms such as Vorticella and Stenfor, Summation of the effects of con- 
tinued stimulation leading through a series of avoiding reactions to a final 
release from the substratum was described by Jennings for Stentor. At- 
tempts to demonstrate effects of practice by Day and Bentley, Metalnikow, 
Buytendijk, and others have given questionable or negative results. 

The available evidence shows for organisms lacking a true nervous 
system the possibility of decreased excitability following continued stimula- 
tion, the summation of stimulation resulting in increased excitability under 
certain conditions, and something like an inadiation of the effects of 
stimulation, resulting in a succession of responses, but there is no demon- 
stration of an acquired change in the pattern of response or of any 
phenomena analogous to the associative learning of higher forms. 

Among metazoa the evolution of the nervous system has involved three 
radical steps: the transition from syncytial to synaptic organization, the 
transfer from the ventral position of the nervous system in invertebrates 
to the dorsal position in vertebrates, and cephalization or the concentra- 
tion and development of nervous tissue in the head region. We shall 
inquiie what influence each of these steps has had upon the capacity for 
modification of behavior. 

In the coclentcrates and echinoderms, coordination of movement is 
probably brought about by a diffuse irradiation of impulses from the areas 
of stimulation through a continuous network of nerve fibers. Even in the 
simplest of these forms there is some concentration of nervous tissue in 
the oral region and at the bases of the tentacles, and the spread of ex- 
citation seems most rapid through these regions of denser tissue, so that 
very specific reactions may be given to localized stimulation. In the more 
highly differentiated forms, anemones and many of the echinoderms, there 
are well-marked conduction paths forming a nerve ring about the mouth 
region, with radiating nerve trunks to the organs of the radial segments. 
In the sea-cucumbers {liolothuria) a synaptic type of organization prob- 
ably makes its first appearance. Behavior of forms with a simple nerve 
net has not been correlated in detail with nervous function. The behavior 
is quite complex and implies an elaborate interplay of diverse impulses 
from different excited regions, modified in various ways by the general 
level of physiological activity. 

In the simpler coelenterates {Hydra) adaptation to stimulation and 
summation of the effects of stimulation have been demonstrated. Succes- 
sive patterns of behavior mav be called out by continued stimulation, as 
in Stentor, but there is no evidence that such progressions can be modified 
by practice. In the anemones Jenninp found changes in behavior depend- 
ing upon the state of hunger, upon acclimatization to stimuli, and upon 
the previous reactions of the animals. Of the latter the most striking is 
the maintenance of postures imposed by the irregularities of the surfaces 
upon which the animals live. The posture is maintained by a local con- 
traction of one side of the polyp, which is not relaxed during the usual 
minor changes in form. If the polyp is forced to a maximal contraction 
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by strong stimulation, the bend does not reappear when the polyp apin 
extends. Apparently the enforced position results in an aiea of maximal 
tonus within the nerve net, which persists until it is suppressed by a gen- 
eral maximal excitation. Jennings suggests that this may represent in rudi- 
mentary form the mechanism by which habits aie retained in higher 
animals. 

It is not certain where the synaptic type of nervous system first appears 
in the evolutionary series. Crozier, on grounds of behavior, ascribes it to 
echinoderms, and it is in these forms that the first evidence for reorganiza- 
tion of reflex connections as a result of practice appears. Experiments 
with starfish have been reported by Jennings (1907) and by Ven. Usually 
two of the rays of the starfish, those adjacent to the madreporic plate, are 
more active than the others, take the lead when the starfish crawls, and 
play the chief part in the righting reaction. Jennings restrained the move- 
ments of these rays, forcing the use of others for righting the animals 
when placed on the dorsal surface. Training in the use of rays previously 
not used in the righting reaction for from 70 to 180 trials was followed 
in some cases by a more frequent use of those rays than of any other, and 
effects of the training persisted for at least five days after the termination 
of the training period. Ven restrained the two more active arms of the 
starfish by wire wickets, forcing them to escape by crawling with the less 
active arms in advance. He found a gradual reduction in the time re- 
quired for escape. 

The results of these experiments may be interpreted as indicating a 
shift in the lead or dominance from one region of the nerve net to another. 
There is little evidence that more precise changes in the pattern of coor- 
dinations can be established. When two rays were forced by training to 
take the lead in activity in Jennings’ experiments, they might be so twisted 
as to oppose each other and make the righting reaction very difficult. 
Training failed to alter the tendencies to such opposed movements. 

The value of the anatomical correlations here is somewhat lessened by 
the fact that the actual structures responsible for the synaptic type of 
conduction (transmission of the nerve impulse in one direction only) is 
not known. The coelenterates and echinoderms give evidence in their 
behavior of a predominance of diffuse conduction in either direction, which 
docs not permit of precise coordination of limited structures such as is 
involved in associative reactions. If they showed precise conditioned re- 
flexes we should probably conclude, not that this type of learning is 
possible in a nerve net, but that the structures characteristic of the inter- 
cellular connections of higher forms are not the essential ones for synaptic 
function. 

In animals in which a definite synaptic nervous structure is easier to 
demonstrate, the association of reactions with stirnuli which were not 
sufficient to elicit them before training is readily obtained, Yerkes (1912) 
established in a manure worm a habit of turning to the right in a simple 
maze. Indications of learning appeared after 20 trials, although absolute 
consistency of performance was not established within 1000 trials. Re- 



466 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


moval of the first five segments of the body, including the cerebral gan- 
glion, resulted in only temporary and slight disturbance of the habit. Re- 
generation of the cerebral ganglion, on the contrary, was followed by a 
loss of the habit. In addition to the usual conditions of maze learning, 
the experiment offered an opportunity for the formation of a simple 
sensory association. The entrance of the cul-de-sac was paved with sand- 
paper, beyond which the punishment grill was located. The animal might 
thus learn to associate the mechanical stimulus of the sandpaper with the 
avoiding reaction to the electric current. Inspection of the tables shows, 
however, that the ratio of contacts with the sandpaper to contacts with 
the grill remained practically constant, within its probable error, through- 
out the thousand tiials of tiaining so that there is no indication that this 
association was formed. 

Broad generalizations are not justified by this one experiment but it 
suggests that the learning is a function of the entire ganglionic chain 
rather than of a limited part, and that the activities of the regenerated 
anterior ganglia w’cre sufficient to disrupt completely the acquired activity 
of the posterior segments. 

The aithropods and the higher mollusks approach the lower vertebrates 
in the complexity of their reactions and the readiness with which habits 
may be acquired. A wealth of experiments shows this and we need cite 
only a few. Turncris studies (1913) show conditioned reflexes to sound 
and light in moths and roaches. The rate of learning does not seem 
significantly slower than that of lower vertebrates. The extensive ex- 
periments on form and color discrimination of bees by von Frisch show 
the ready formation of habits involving rather fine discriminations. Gold- 
smith reports the establishment of a discrimination habit in the octopus. 
The shelled mollusks seem to form associations less readily (Thompson). 

Evolution of associative memory may be assumed to involve an increase 
in the rate at which association may be formed, increase in the complexity 
of associations, that is, in the number of elements or related processes 
which may be subsumed under a single habit, and perhaps qualitative 
changes such as are implied in the distinction between habit and repro- 
ductive memory. So far as the available studies may be taken as final, 
there is little difference between the higher invertebrates and the lower 
vertebrates in any of these respects. 

7" he Rate of Learning. Goldfish require a greater amount of practice 
to learn a simple maze than do roaches to learn a more complicated one. 
The discrimination habits described for insects equal in complexity any 
reactions which have been reported for the cold-blooded vertebrates. It 
is thus clear that the shift from the ventral to the dorsal position of the 
main nerve trunks has not, in itself, entailed any fundamental change in 
the capacity for learning. 

Nervous evolution in the vertebrates has involved increase in the 
relative size of the brain and body, the development of the cerebral cortex, 
and the differentiation of the so-called association areas as the chief altera- 
tions which might be expected to change the capacity for learning. Speed 
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of conduction and probably of all other physiological processes is Inci eased, 
but the importance of these factors alone for learning may he largely dis- 
counted by comparison between birds and mammals and between various 
orders of mammals. 

Comparable quantitative studies of the rate of formation of simule 
associations or the limits of training in the different classes of the verte- 
brates are rare so that there are few data upon which to base comparisons 
of function with structure. 

There is little evidence that the rate of formation of simple mechanical 
habits changes in the mammalian series. Pavlov (1927) reports that the 
conditioned salivary reflex may be formed in about 60 combined stimula- 
tions in the dog. Gley and Mendelsohn did not establish it in man in 40 
trials, and Lashley failed after a much larger number of combined stimula- 
tions. Conditioned motor reactions seem to be formed about as readily in 
the dog as in man when the discriminations called for arc relatively simple. 

Pechstein (1917) trained rats and human subjects in mazes having 
identical patterns. In one set of experiments ihe subjects were required 
to learn the maze by sections (“part method”), in another to learn it 
as a whole. The results were the following: 



Trials 

Whole 

Patt 

Whole 

Errors 

Pait 

Rats 

27 

30 

217 

199 

Humans 

12 

23 

126 

237 


Considering the far greater novelty of the entire ttainin?!: situation for the 
rats than for the human subjects, the results do not indicate any signi- 
ficantly greater learning ability in the latter. 

Such data are not conclusive, but do suggest that the rate of formation 
of simple habits has increased little, if at all, through the evolution of the 
cerebral cortex. Other facts bear out this opinion. Simple habits are 
acquired by the feebleminded about as readily as by normals. Extensive 
cerebral lesions markedly retard the formation of complex habits, yet 
produce little effect upon the rate at which simpler ones are formed. In 
opposition to these facts it may be urged that they concern only acquisition 
through trial and error in which chance plays a large part, and that direct 
association, as in immediate and incidental memory, is much more rapid 
in man than in lower forms. It is difficult to get objective evidence on 
this point, but there are many indications that even the rat, in the learning 
of mazes and problem boxes, forms a large number of immediate associa- 
tions which are comparable only with incidental memories in man. Thus, 
a nearly decerebrate rat will often re-enter a cul-de-sac more than 100 
times before passing on to the next. The normal animal, rarely re-enters 
a cul-de-sac, even on the first trial in the maze, without intervening ex- 
ploration of other parts. With no differences in bodily orientation to 
account for the diverse behavior, we seem forced to conclude that the 
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entry into a cul-de-sac leaves traces in the normal rat which for a time 
inhibit re-entry. 

Limits of Training. So far as one may judge from existing evidence, 
the higher invertebrates compare very favorably with the lower vertebrates, 
even with the lower mammals, not only in the rate of formation of simple 
habits but in the complexity of the habits which may be acquired. There 
are no comparable studies including widely different types of behavior, 
but certainly the recognition of the nest locality from visual cues reported 
for honey bees exceeds in complexity any habit which has been observed 
in fishes or in the smaller rodents. 

Within the vertebrate series the limits of training seem to parallel very 
closely the degree of development of the brain and particularly of the 
cerebral coitex. The habits reported for rodents, carnivora, lower and 
higher apes, both under experimental conditions and in the field, form 
a definitely graded series with respect to the number of elements and the 
complexity of the relationships involved. It also seems clear that the 
limits are set by the character of the central organization rather than by 
the sensory or motor capacities of the animals. Thus it is practically 
impossible to establish a habit of visual pattern discrimination in the rat 
with the conventional Yerkes discrimination box. We have many times 
trained^ animals with a vertical and a horizontal line as stimuli for 500 to 
800 trials without clear evidence of discriminations. The same animals 
will distinguish lines immediately, if the lines are objects to which they 
must jump. ^ The rhesus monkeys have a motor and sensory equipment 
not sensibly inferior to that of the chimpanzee. The habits in which they 
have been trained arc, however, far simpler. 

The comparative study of learning in different animals gives little 
evidence that evolution has brought any change in tlie rate of formation 
of the simpler habits. On the other hand, there is a fairly consistent rise 
in the limits of training and in the formation of complex habits with 
ascent in the phylogenetic scale. This raises the questions of the meaning 
of complexity in learning and its relation to the problem of insight or 
intelligence. Does increase in the number of similar elements set a limit 
to learning; that is, may complexity of habit be stated as a function of 
the number of single associations required, or is a qualitative change in 
the nature of the relationships among tJie elements the important factor 
in determining the limits of training? The data at hand are not easy to 
interpret. In studies of human learning, results have been obtained rang- 
ing from those of Henmon, showing practice proportional to the length 
of the series, to those of Foucault, showing practice proportional to the 
square of the length. The majority of experimenters have found that the 
difficulty is disproportionately increased with length even for meaningful 
material^ This would indicate that mere multiplication of elements might 
set a limit to learning. In tests with rats we have found that increasing 
the number of culs-de-sac in the maze does not proportionately increase 
th^ practice required for learning if the animals are normal, but does in 
animals with extensive cerebral lesions. 
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Even in the case of maze learning by defective animals or the memoriz- 
ing of digits by normal men it is not clear that the difficulty of learning 
large complexes is due to the number of associations to be formed rather 
than to the inability to see significant relations within the complex. This 
problem is still unsolved, and our ignorance of it permits the claim, on the 
one hand, that all habit or memory is merely the linking-together of 
conditioned reflexes and, on the other, the assertion that learning is always 
a product of insight. 

Learning in Relation to Neural Structure 


The Quantity of Tissue, Without much quantitative evidence, one is 
led to the view by a general survey of learning in the mammalian series 
that the size of the brain, both absolute and relative to body weight, plays 
an important part in determining the limits of training. Lapicque (1922) 
and others have computed the ratio of brain and body weights in a number 
of animals and sought a general formula to express the amount of increase 
in brain weight for unit increase in body weight. Lapicque concludes 
that between different species of animals and between the sexes in man 


this ratio is expressed by the formula k = 


E 

where ^ is a con- 


stant, E is brain weight, and E is bodv weight. That is, the weight of the 
lyain increases as the square root of the body weight. Within a given 
species the exponential relation is reduced from 0.56 to 0.20. Other factom 
than body weight contribute to the relationship. The most important is 
the surface area of the sense-organs, which determines the number of cells 
in the corresponding sensory regions of the nervous system. With due 
allowance for this, Lapicque is inclined to think that the above equations 
express the requirements of nervous tissue for the average intellectual 
level of the groups in question and that any marked departure from the 
ratio determined for a given group indicates an intelligence above or below 
the average for the group. There are no valid data on behavior to serve 
as a check on this conclusion. 

Studies of the effects of cerebral destruction in animals show a definite 
relationship between the quantity of functional tissue and the capacity to 
learn. Lashley (1929) found a correlation of 0.86±:0.03 between the 
extent of brain injury and the number of errors made by rats in learning 
a maze. Other experiments indicated that retention is also a function 
of the amount of intact tissue. The observations of Hammarberg and 
of Bolton indicate the importance of the number of ganglion cells for 
learning in man, and, although there are no adequate quantitative data, 
the opinion is frequently expressed that the degree of deterioration in 
man after lesions to the cerebral hemispheres is related to the extent of 
destruction. 


Relation of Different Structures to Learning^ Many writers of the 
last century ascribed learning wholly to the cerebral hemispheres. I'he 
demonstration of habits in invertebrates and fishes disproves this opinion, 
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but Still leaves the question whether the developed cerebrum has taken 
over the learning function from lower centers. Trevesz and Aggozzotti, 
Rogers, and Beritoff have shown the capacity of the decerebrate pigeon 
to learn, Beritoff (1926) finding that it forms a simple conditioned re- 
flex as rapidly as a normal animal. No completely decerebrate mam- 
mal has been subjected to systematic training for a long enough period 
to test the limits of its capacity for learning. Figure 1 shows the 
curve of improvement in an eight— cul-de-sac maze for four rats with an 
average destruction of 70.5 per cent of the cerebral cortex.^ The maze 
was not learned, but maikcd improvement occurred and the limit was not 
reached in the period of training. From such cases we may hazard a 
guess that, if shock could be avoided, the decerebrate mammal might ac- 
quire as complex habits as do fish or amphibia and that the learning capa- 
city of lower centers has not been modified by the acquisition of the 
cerebral cortex. 

The contribution of the different parts of the cortex to the formation 
of the maze habit has been studied by Lashley (1929). Groups of animals 
with destruction of each of the chief cytoarchitectural areas were trained 
in the maze. Since the areas differ in size it was necessary to correct for 
such differences. This was done by computing from the regression 
coefficient for errors on extent of lesion for the entire group the expected 
errors for the magnitude of each area. The results were the following: 


Errors 

Motor 

Som aesthetic 

Visual 

Auditory 

Primitive 

associational 

Experimental 

468 

41+ 

6-! 9 

148 

521 

Computed 

484 

597 

570 

145 

598 


The departure of experimental from computed values here is small in 
proportion to the difference from normal controls which made only 47 
errors under the same conditions. No difference in behavior in the maze 
could be detected between groups with different loci of lesion. The ex- 
periment indicates that the differentiated areas of the cortex all contribute 
in the same w’'ay to the formation of the maze habit and in proportion to 
their areas. 

Quantitative data for other animals are not available. Jacobsen has 
shown that destruction of the frontal or parietal association areas does not 
retard the formation of simple habits in rhesus monkeys, although the 
animals may have trouble with complicated problem boxes. For the 
learning of other problems the data are difficult to evaluate. In the rat 
the habit of brightness discrimination and certain problem-box habits are 
formed at normal rate after destruction of the cerebral hemispheres up to 
at least SO per cent, and in no case has a greater retardation in the forma- 
tion of a habit resulted from injury in one place than in another. 

In man there seems to be a more definite restriction of learning by 
destruction of local areas. Improvement in every sort of activity seems 
possible after lesion in any locus (unless perhaps the total destruction of 
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a projection area is involved) if the patient is not senile and can be prop- 
erly motivated, but the rate of improvement in certain functions may be 
retarded. Thus the patient with severe aphasia seems to have much 
greater difiSculty in forming verbal associations than in learning non-verbal 
material 

This does not prove, however, that the areas, destruction of which 
produced the aphasia, were particularly well adapted for the formation of 
verbal association by virtue of any internal stiuctural peculiarity or that 
other areas may not serve as well for the acquisition of verbal associations. 
The rate of learning in human adults is largely dependent upon pre- 
existing associations, as indicated by the importance of mediate associations 
in the learning of series of unrelated words. If all word associations are 
abolished by a cerebral lesion, slow learning is to be expected even though 
the vicariously functioning parts are structurally as well^ adapted for the 
learning as was the original speech area. Much of the difference between 
the results with the animals and man is probably referable to the use of 
acquired mnemonic aids by the latter. 

Localhatwn of the Enoram. We have progressed a long way from 
the notion that individual ideas are stored in single cells of the brain. 
Ideas are recognized as composites involving the relation of many ele- 
ments and dependent not upon one but upon many cells. Yet in a way 
this advance has only transferred the idea from the cell to the synapse, 
for the current theories of the dependence of habit upon specific neural 
arcs still localize the essential element of the habit in particular inter- 
cellular junctions. Are the engrams so definitely localized? Different 
experiments seem to give different answers to the question. In the rat 
the habit of brightness discrimination is abolished by destruction of the 
occipital lobes. Something essential to the performance of the habit is cer- 
tainly located there. But it is not definitely localized within the general 
region, for smaller injuries within the area do not abolish the reaction 
but only weaken it in proportion to their extent. For the maze habit, on 
the other hand, there is no evidence for localization.^ It is weakened after 
any injury to the hemispheres but survives any small injury and is abolished 
by any large one, irrespective of location. 

Tor man a great varietv of habitual activities is known to be dependent 
upon particular areas of the cerebrum, but the localization is^ rather gross. 
Very small injuries rarely produce symptoms; larger injuries lower the 
efficiency of many complex related functions. 

Clearly no habit can be ascribed to conduction paths restricted to a 
narrow’ly limited cerebral area, but beyond this the data are capable of at 
least two interpretations. It may be that each habit is mediated by a num- 
ber of equivalent and scattered conduction paths and^ that efficiency of per- 
formance is reduced but not abolished by destruction of some of these. 
Or it may be that performance is not dependent upon the oonduction of 
impulses over definite paths, but is dependent upon some general property 
of the propagated disturbances, such as periodicity of discharge, irrespective 
of the paths followed through the cortex. 
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Critical experiments upon this point are not available. Lashlcv (i929) 
has reported cases where the interruption of projection libers to certain 
cortical areas resulted in less disturbance of behavior than the destruction 
of the cortical areas supplied by the fibers, which would indicate thii the 
conduction path is of less importance than the area to which it conducts, 
but the experiment may be susceptible to other intei*pretations. This 
problem of specific paths will arise again in the discussion of the charac- 
teristics of coordination involved in habit. From the anatomical and 
physiological data we cannot conclude with any confidence that the altera- 
tions of nervous structure underlying habits are located in any particular 
part of the nervous system or of the reflex path. 

Significance of Finer Structures, The general belief that the neuron 
alone of the structural elements of the nervous system participates in the 
coordination of activity is supported by a large mass of indirect physiologi- 
cal and anatomical evidence, yet is not established beyond question. 
Ramon y Cajal has suggested that differential response may be determined 
by the movements of neuroglia cells, their processes serving as insulators 
when extended between the neurons. There is no evidence to support 
such an hypothesis, beyond the variable forms of the neuroglia, but the 
suggestion, coming from an eminent neurologist, illustrates how little 
we know of the medium in which the neurons lie and of its possible 
influences upon their excitability. 

The surface membranes separating the neurons have been most stressed 
in theories of the mechanism of integration; since they form the only 
known break in continuity of fibers where diffuse conduction seems likely to 
occur. The fundamental importance of the synapse seems a logical con- 
clusion, yet we must bear in mind when evaluating theories of learning 
that the properties of the synapse are still entirely hypotlietical. If we 
deduce its properties from the facts of learning, we gain nothing by ex- 
plaining learning in terms of these liypothetical properties. 

The recent work on nerve conduction seems to limit the possible theories 
of integration and of learning. If the propagated disturbance in the 
nerve fiber may pass equally well in either direction, is subject to the all- 
or-nothing law, and is capable of modification only at the junction between 
cells, then the whole theory of learning must be worked out in terms of 
such processes. It seems well established that volleys of nerve impulses 
are set up by sensory stimulation, their number and rate of succession being 
determined by the intensity of the stimulus, and their spatial distribution 
by the number and position of the end-organs stimulated. Their further 
distribution is determined by the stafe of excitability of succeeding neurons 
in the chain, by the intensity of the impulses (a product of the rate of 
succession and condition of excitability of the conducting neurons), and by 
the resistance offered by postulated regions of decrement (a resultant of 
initial condition and contemporal excitation from other sources). 

^ Actually these facts have little relevance to the problem of learning 
since they leave it an open question whether the alteration of learning 
takes place in the excitability of the cell, in its rate of recovery from the 
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refractory phase, or in the conductivity of the intercellular membrane; 
whether the phase relationships, the intensity of discharges, or the resist- 
ance to transmission is altered. Furthermore, we do not know whether 
the laws of conduction in nerve trunks apply witliin the gray matter. It 
may be that they do, but it is also possible that diffuse electrical or chem- 
ical processes within the non-medullated regions are equally important 
with the propagated disturbances in determining integration. 

The data on the relation of nervous structure to learning offer little 
of constructive value. It is probable that simple associations may be 
formed in any part of the nervous system, so long as there is continuity 
of tissue between the afferent and efferent tracts associated. The cerebral 
hemispheres are somehow concerned in the formation of the more complex 
associations, but the nature of their contribution to learning is still a com- 
plete mystery. Special parts may be essential to the retention of a habit 
once formed, yet learning of that habit is not impeded by their absence. 
Learning of other habits may be retarded in the absence of parts of the 
cortex yet with no evidence of any localization of the habit mechanism in 
those parts when it has been formed. The cerebral hemispheres present 
no peculiarities of finer structure cither in the character of the cells or in 
their connections which can be pointed out as of especial importance for 
the learning function, and the simple mass of tissue is the only feature 
which thus far has been correlated with rate and complexity of learning. 

General Characteristics of the Organization of Habits 

We must now analyze more in detail the character of learned activities. 
It is customary to speak of them as reactions to stimuli, without analysis 
either of the nature of the reaction or of the nature of the stimulus. Thus 
an animal is said to learn a positive reaction to the door of a problem box ; 
a familiar face is a stimulus to the pronunciation of a name. As brief 
descriptions of behavior such statements arc permissible, but for the formu- 
lation of the learning problem they are very misleading. Just what is the 
stimulus in terms of the sensory fibers excited ; what is a positive reaction 
or the pronunciation of a name in terms of muscular contraction? If 
we are to understand the mechanism of the habit, we must deal with it in 
these terms, for the integration is evidently between sense-organs and 
effectors and not between doors and directions of movement. 

The Nature of the Stimulus, The theory of the specificity of conduc- 
tion paths in habit demands that the reaction learned be given only to the 
excitation of the same receptor cells as were stimulated during training, 
or at least a significant number of fhem, these receptor cells being con- 
nected with the effectors by a system throughout which there is a point- 
for-point correspondence. These conditions are rarely if ever met in any 
training experirapt. ^ On the contrary, it is clear in most cases that the 
response is, within wide limits, independent of the particular sensory cells 
stimulated. 

Figure 2 illustrates this in an experiment with rats. The animals, 
incidentally lacking the visual cortex, were trained to jump to a platform 
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FIGURE 2 

Eouivalent Stimuij for a Habit of Jumpino in the Rat 
Animals were trained to jump to a platform having the appearance of 7, seen 
against the background of the room. The following figures were tlien prpented 
in succession. The H- sign indicates the position to which the animals jumped 
promptly; the — , failure to jump in five minutes. 

presenting a black surface and a white edge, seen against the background 
of the room. The appearance of the platform was then changed as indi- 
cated in the succeeding figures, by placing cardboard screens before it, or 
by substituting a large white screen on which paper figures were pasted. 
The animals jumped to any horizontal rectangle, whether black or white, 
but would not jump to a vertical rectangle or a plain figure. It seems 
clear that the stimulus here cannot be described as the excitation of such 
and such retinal cells. The elements common to the various situations 
are the proportions of the object seen against a varying background. 

The writer previously repoited the transfer of the habit of brightness 
discrimination from one eye to the other which had not been used during 
training. In this experiment the same sensory cells were certainly not 
stimulated in the formation and in the performance of the habit. Where 
is the common conduction path for the two sensory systems established by 
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training? By one theory corresponding points of the two retinas are sup- 
posed to be projected to corresponding positions in the superimposed layers 
of the stripe of Baillarger. Here one set of retinal fibers might, by 
drainage, condition the corresponding fibers from the other eye. But the 
experiment also showed that the transfer took place readily in an animal 
without a visual cortex. Of course, as long as we know nothing of the 
actual central nervous processes involved, the common neurons may be 
postulated in any remaining nervous tissue, but this is only an appeal to 
ignorance to save a weakened theory. If these were isolated instances, it 
would be worth while to try to explain them away, but such conditions 
are the rule, not the exception. We may state as a general principle that 
the stimulus to any reaction above the level of a spinal reflex involves, 
not the excitation of certain definite sensory cells, but the excitation of any 
cells of a system in certain ratios, and that the response may be given to 
the ratio, even though the particular cells involved have not previously 
been excited in the same way during the formation of the habitual reaction. 

The performance of the habit cannot be ascribed to the functioning 
of stereotyped paths from sensory to effector cells. This characteristic 
of the stimulus has been emphasized by Driesch, Bergson, Wertheimer, 
Koffka,^ Goldstein, and many others, and, although we need not accept 
the anti-physiological conclusions which have sometimes been based upon 
it, we must recognize the problem as a serious one for psychological and 
neurological theory, 

^ The Nature of the Reaction. In the simplest habits, such as the con- 
ditioned reflexes, the activities .associated with the conditioned stimulus 
are those which were originally called out by the primary stimulus. This 
is essentially true of all habitual responses, htit only if the word ^^act” is 
used in a broader sense than the contraction of a definite pattern of 
muscles. The rat learns to tun the maze. Is the maze habit a chaining- 
together of those movements which were used to traverse the maze during 
learning, or is it something else? A study of rats with severe motor in- 
coordination from cerebellar lesions (Lashley and McCarthy) shows that, 
once the maze is learned, it may be traversed by a method of progression 
which involves no patterns of muscular movement that can be recognized 
as identical with those utilized in learning. 

In a study of the effects of destruction of the motor cortex, Lashley has 
reported the immediate transfer of a complex pattern of movements from 
one arm to the other, which was paralyzed throughout the course of 
training, concluding that conduction paths used in this performance could 
not have been used during training. Herrick (1926) has criticized this 
conclusion on the ground that, since the impulses controlling habitual move- 
ments do not all pass through the motor cortex, the necessary impulses 
may have reached the motor paths of the pardyzed arm, even when 
the arm was inactive. But in other cases it was found that the head or 
leg might be used directly for the solution of the problem. This seems to 
demand either the assumption that during training specific conduction 
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paths are laid down to every effector, whether it is used or noi:, or that the 
habit is not dependent upon specific paths. 

As in the case of our conclusions concerning the nature of the adequi.'te 
stimulus to habit, this type of behavior is the rule rather than the excep- 
tion in habitual behavior. Similar instances are so common in human 
behavior that we need not cite specific instances. The facts are those 
which are held to characterize behavior as purposive rather than mechan- 
ical and, although we need not admit the finalistic implications of “pur- 
pose,” we must recognize that a definite type of neurological problem is 
involved and that the behavior does not have the commonly admitted 
properties of the reflex. 

Attempts have been made to meet this sort of problem by explanations 
based upon “symbolism.” A stimulus is said to be associated with a verbal 
or other symbol; another stimulus arouses the same verbal reaction, and 
the two stimuli are therefore identified. Or the verbal reaction serves as 
a common stimulus to the various motor responses which may be used 
alternatively in the performance of the reaction. 

If it could be demonstrated that similarity among stimuli is never 
recognized unless each has previously been associated with the same sym- 
bolic response, this explanation would be sufficient, but there is clear 
evidence that the use of symbols depends upon the recognition of similarity, 
and not the reverse, so that the identification of the symbol with the 
object involves exactly the problem which it was proposed to solve. 

The appeal to symbolism is a variation of the doctrine of common ele- 
ments which has been used widely to explain the transfer of training. It 
is held that the stimuli may be diverse but certain elements of each activate 
the same afferent paths, exciting identical nerve cells and so eliciting the 
same reactions. Or transfer of training takes place because certain efferent 
nerve cells supply two motor paths (the accepted theory of crossed 
education ) . 

The conditions of visual stimulation which we presented on pages 474 f. 
seem absolutely to preclude any such common neurons, and it is equally 
difficult to find them in many cases of motor transfer (for example, the 
rhythm of two against three, once acquired, may be directly imposed upon 
any independent pair of muscle groups). The common elements in trans- 
fer are not common neurons, but common ratios of excitation in different 
neuronic systems. 

The Nature of Central Integration I>educed from the Defects 
Following Injuries to the Nervous System 

Studies of the symptoms of destruction of tissue within the central 
nervous system point to two seemingly conflicting principles of organiza- 
tion. There is evidence for a high degree of specialization for some func- 
tions corresponding to the conceptions of exact cerebral localization, and 
also evidence for an entire lack of specificity in the contributions of 
different structures to other functions. The evidence for exact localiza- 
tion arises chiefly from injuries within the anatomically defined sensory and 
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motor projection areas of the cortex; that for diffusion of function, from 
the injuries to the association areas and from the more careful studies of 
symptomatology in all lesions. 

The evidence for exact localization is not conclusive, even for the pro- 
jection areas. Small lesions within the motor areas produce only tempo- 
rary paralyses (Leyton and Sherrington), and the variations in function 
from time to time suggest that some of the apparent specificity of function 
of the motor cortex is a matter of temporary physiological organization 
rather than of permanent anatomical structure. 

The doctrine of the “cortical retina” first proposed by Munk has led 
to the most extreme views of specificity of function of the cortical cells, 
up to the claim that there is a ccll-to-cell correspondence between rods and 
cones and the ganglion cells of the area striata. Observations upon 
scotomas following occiptal lesions show some correspondence (Holmes 
and Lister, 1916), but, as Poppclrcuter (1917) has pointed out, the 
variety in foim exhibited by scotomas is far less than would be expected 
from the variety of lesions and may be interpreted as a centripetal or 
centrifugal irradiation of a disorganizing process within an undifferen- 
tiated area, as well as by the assumption of a cortical retina. 

Data reported above (page 470) show that in lower animals habits 
are either not localized, as in the case of the maze, or only very vaguely 
in a general area, as in brightness discrimination. It appeared also that 
the capacity to learn and to retain habits formed after cerebral lesion may 
be a function of the total quantity of functional tissue. 

For higher forms, including man, there are no comparable data. There 
are no controlled studies of the rate of learning in men with cerebral 
lesions, nor are there any attempts to take into consideration the extent 
of injury in evaluating symptoms, beyond vague statements that symptoms 
are slight or absent if the lesions are small. Inspection of the data on 
motor aphasia reviewed by von Monakow suggests that there is a fairly 
close relationship between the amount of destruction and the time required 
for recovery, but the data on rate of improvement are inadequate. 

We may approach the problem of specificity of function in man in an- 
other way by inquiring into the general nature of the defects following 
injuries to the cerebrum. There seem to be three diverse types of disorder: 
simple sensory and motor defects, disturbances of memory, and disorders 
of the organization of functions. These distinctions are more apparent 
than real, but they serve to illustrate certain problems of neural function. 

The purely sensory and motor disturbances have, as pointed out above, 
the closest association with structure. Franz (1915) has shown that even 
these defects are not absolute, but are capable of a considerable degree of 
recovery and fluctuate in severity from time to time. There is some 
evidence that the motor defects are due to a weakening of some facilitating 
function rather than to loss of any definite coordinating mechanism. There 
may be, for example, a partial restitution of function during emotional 
excitement. The motor type of aphasia or anarthria is probably of this 
type. On the sensory side also, the suggestions of Poppelreuter concern- 
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ing the nature of scotomas, the observations of Gelb and CiokUtein ( 1920 ) 
upon pseudofovea and the completion of figures in scotomatous areas are an 
argument against strict localization and in favor of a dynamic interpreta- 
tion of the symptoms. 

The notions of strict localization and limited defects in aphasia, apiaxia. 
and visual agnosia were in large measure the result of inadequate analysis 
of the defects. The earlier observers noted the prominent symptoms, such 
as defects of speech, but had no means of testing other functions involved. 
They overlooked the milder degrees of dementia accompanying aphasia or 
ascribed them to involvement of other than the speech areas and made few 
efforts toward empirical analysis of the disorders of language and thinking. 

The classification of aphasia is still a matter of controversy but many 
of the cases reported suggest two primary types of disturbances. The 
amnesic types present a picture of difficulty in the recall of verbal material, 
a difficulty which is more severe but not otherwise different from lapses of 
memory in norrnal individuals. In many cases recall is possible under 
favorable conditions. Speech occurs in excitement, or the proper word 
can be recalled with effort or by the use of mnemonic aids. Isolated words 
cannot be recalled, but come readily in certain contexts, or round-about 
expressions for the same thought are found* In general, there is not a 
selective loss of some words with retention of others but rather an increase 
in the threshold for recall of all verbal material. The exceptions will 
usually be found to be words having a considerable emotional reinforce- 
ment — the “emotional language” of Hughlings Jackson. 

Such a condition is not to he accounted for on the assumption that 
specific associations have been interrupted. The lesion affects uniformly 
a large range of activities and reduces the efficiency of all without abolish- 
ing any. The areas concerned in speech seem to behave as does the whole 
cortex of the rat in the performance of the maze habit ; injury reduces its 
general efficiency without selective effects upon the individual units of 
behavior. 

Other aphasic symptoms imply a disruption of the normal mechanisms 
of organization rather than an amnesia. In extreme cases the speech is an 
unintelligible jargon ; in milder cases grammatical form is lost, words are 
mispronounced or distorted, and the rhythm and orderliness of speech is 
disturbed.^ Such are the verbal and syntactical types of Head and the 
agrammatism of Pick. 

The problem of the ordering of sequences of behavior, as in grammatical 
speech, is the most baffling of all neurological problems. It docs not help 
to say that the order is a matter of habit for, although the general arrange- 
ments typical of any language are certainly acquired, the specific reactions 
employing any given word are not. If we learn a new word, such as the 
name of an object, that word will later be used in its proper relation to 
other parts of speech, although the context is one in which it has never 
before been heard. It is not linked to the other words of the sentence by 
habit, except in so far as it belongs to some general category of parts of 
speech. 
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To form any notion of the neurolog>>^ of grammar we must assume that 
the entire mechanism involved in the verbalization of a proposition or 
idea is thrown into a state of partial excitation before actual speech, in- 
ternal or overt, occurs; that in the preliminary activation the relations 
implicit in the idea are organized ; and that this organization is impressed 
upon the verbal mechanism as from without. The problem is not that of 
the activation of successive links in a chain of associated reactions, but the 
determination of the order in a conglomerate of processes in which there 
are not previously formed associative bonds, 

Jackson formulated this notion in his recognition of the importance of 
the proposition and Head has emphasized it in distinguishing the syntac- 
tical and semantic types of aphasia. The same sort of problem appears at 
every level of neural organization. Some of the difficulties in reading 
after occipital lesion have been ascribed to loss of spatial organization 
within the visual field. The patients see the letteis or words but these 
no longer have a recognizable spatial position with respect to one another. 
Defects of insight and the intelligent manipulation of ideas evidently involve 
the same sort of confusion in organization, and it seems possible to distin- 
guish a continuous series of such disorders, ranging from serious intellectual 
defects to slight disorganization within sensory fields. In how far the 
defects are called general or specific seems largely a matter of interpreta- 
tion. Head (1926) considers that intellectual defect occurs in aphasia 
only in so far as the lack of language is a handicap. Bouman and Griin- 
baum (1925), on the other hand, consider the aphasias as primarily a 
defect of intellect. “The patient is not able to hold in mind the concrete 
elements of a problem and at the same time manipulate them in thought.” 
This difficulty is evident in all behavior of the aphasic, and the difficulty 
of speech is only one expression of it. 

Whatever the final conclusion as to the general cerebral localization of 
speech, it is clear that this localization does not extend to the logically 
differentiated elements of speech. These do not correspond to the physio- 
logical elements. The problem of cerebral function is characterized by 
the interplay of many organized systems in which equilibrium or dom- 
inance of excitation and the relations among the parts, rhythms and timing 
of activities, patterns of excitation, rather than of performed association 
paths, express the significant facts. 

Another group of phenomena important for an understanding of cere- 
bral mechanisms is indicated by the relative fragility of functions. In the 
visual field, for example, the discrimination of colors is more frequently 
disturbed than any other function and by slighter injuries. When recovery 
occurs from an initial severe hemianopsia, the visual functions reappear 
in a rather definite order. Poppelreuter lists sensitivity to light, recogni- 
tion of differences in illumination in different parts of the visual field, 
recognition of the direction of single lines without identification of figures, 
recognition of simple geometrical patterns, vision for complex forms with 
confusion of meaning, and normal vision as stages in the recovery of 
pattern vision* 
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Attempts to localize these different functions in diffei*ent areas liavc not 
been supported by anatomical findings, and the stages of recoveiy or the 
relative ease of abolition of the functions can be interpreted only as an 
indication that the same area may function at different levels of complexity. 
The problem here is like that presented by cerebral function in maze 
learning, where a limit to the complexity of the habits which may be 
formed is set by the extent of the injury. With increase in mass and physi- 
ological development the complexity of the situations which can be inte- 
grated increases. We have as yet no clue to the nature of these “levels’* 
of integration, except the evident importance of the quantity of tissue. 

The symptoms of lesions in man emphasize the dynamic rather than 
the static in neural organization. There is a simplification of behavior, a 
reduction in the number of elements which can be dealt with or integrated 
in a single reaction. This simplification may be so general as to involve 
almost every aspect of behavior, constituting a general dementia ; it may be 
limited to some one field of activity such as the verbal formulation of 
propositions or the synthesis of visual impressions; but in every case it 
affects the majority of reactions of the given type. It is not the specific 
reaction but the mode of synthesizing activity which is affected by cerebral 
lesion. 

Along with this there may go an apparent weakening of the reaction 
mechanism. Reactions are not absolutely abolished but only rendered 
difficult, so that some extraneous facilitation is required before they can be 
elicited. Here also, not specific reactions but groups of reactions are 
affected and the grouping is determined by such relations as object-name. 
It seems as though the unit of cerebral organization can be expressed only 
in terms of relationships among activities, rather than In terms of indivi- 
dual reactions. 

Peripheral versus Central Processes in Habit. The last decade has 
witnessed a bitter controversy concerning the nature of reproductive mem- 
ory, Until the development of objective psychology the doctrine that 
memory involves the re-arousal of central nervous processes reproducing 
more or less completely the original sensory experience was generally 
accepted. No clear neurological theory concerning their production was 
formulated beyond the general notion that they were produced by the 
action of centers which were thrown into activity by associative processes. 

Watson (1914) attacked the theory of imagery on the ground that 
memory-images are not objectively demonstrable, that introspective studies 
purporting to deal with them become involved in a futile mcntalism which 
has no explanatory value for behavior, and that the phenomena of memory 
and thought may be dealt with more adequately on the assumption that 
recall is the reinstatement of those bodily movements which were first 
elicited by the stimuli recalled. Thus all memory was reduced to terms 
of motor habit, and thought to chains of motor reactions in which mus- 
cular contractions serve as stimuli to further activity. Dunlap’s theory 
of homeodetic arcs and Washburn’s of ^‘tentative movements” have much 
in common with Watson’s doctrine of ‘‘implicit movement,” but the 
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former admits a central short-circuiting and the latter ascribes the image 
to the blocking of the motor response. 

Recent attempts to establish the importance of implicit movements or 
movement systems in thinking have given negative results (Washburn), 
while the evidence for centrally maintained coordinating processes has 
accumulated. Lashley and Ball (1929) found that the performance of 
the maze habit was not disturbed by the destruction of the somaesthetic 
paths in the cervical cord and concluded that the maze habit cannot be 
interpreted as a chain of somaesthetic-motor reactions. Attempts to dem- 
onstrate implicit movements in the verbal mechanisms during thinking 
have shown movements, it is true, but they are irregular, by no means 
always present, and do ni)t conespond m rliythm or pattern to those of 
overt speech (Thorsen, 1925). TIicv can be interpreted only as chance 
irradiation to the verbal mechanisms from centrally maintained processes. 
The writer has obtained similar results in a study of eye movements dur- 
ing thinking of geoinetiical forms and relations. 

The argument that the interference with thinking by maintained postures 
of the articulatory organs, as in the difficulty of thinking “bubble’* with 
the mouth widely opened, as an evidence for peripheral interference is not 
valid, for a similar interference can be demonstrated between different 
motor organs where the blocking can be only central. For example, it is 
difficult to tap a rhythm of three with one hand against two with the 
other, although these processes can be dissociated by practice. Similarly, 
Pintner showed that verbal thinking could be dissociated from the inter- 
ference of articulatory activity. Reports of the effects of operative removal 
of the larynx or other articulatory mechanisms do not indicate any resulting 
disturbance of thinking. 

On the other hand, something like objective evidence in support of 
imagery is accumulating. Visual after-images have never been denied 
by the opponents of the memory-image, but have been discussed as genuine 
phenomena and ascribed to residual excitations within the peripheral 
mechanisms. Recent studies of eidetic imagery reveal objectively a very 
close parallelism between the eidetic image and the visual after-image. 
Naive subjects, who could not possibly be familiar -with the laws of color 
mixture, report phenomena of color contrast, changes in the apparent size 
of the image when projected to different distances, and the like, which can 
be explained only on the assumption that there is aroused in them by 
ajisociation some process which corresponds very closely to the excitation 
originally aroused by peripheral stimulation (Kliiver, 1926). 

Since the motor theory of imagery assumes that recall is a reinstatement 
of the reaction originally given to the stimulus recalled, the image should 
contain no elements which were not reacted to or noted in the original 
situation, Woodworth has held that this is true of the image, but some 
of the descriptions of the content of images given by eidetic subjects in- 
clude a wealth of detail which almost certainly was not noted by specific 
reactions during the period of exposure of the stimulus. 

Although perhaps not conclusive, this evidence seems to favor the 
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older doctrine of imacjerj’’ and to throw us back upon the concept of 
activity maintained within the central nervous system for an undei standing 
of serial habits and the mechanisms of thinking. 

The Phenomena of Learning 

The foregoing discussion serves to define some of the characteristics 
of the learned reaction and the properties of the mechanism by which the 
performance is brought about. Not all experiences come to be associated 
and, since we cannot observe directly the nervous changes, we must fall 
back upon analysis of the external conditions which favor association and 
try to infer from them the nature of the central nervous processes which 
occur during practice. 

Psychological studies have given a series of ‘laws of learning** which 
define conditions under which learning occurs and which have served 
as the points of departure for theories as to the nature of the process. 
The laws of contiguity, exercise, effect, and completeness of response are 
the ones most stressed in recent literature. In addition, primacy, recency, 
vividness, intensity, and the older laws of association, such as similarity, 
have been cited by various writers as significant for the theory of learning. 
Since apparent exceptions to each of these laws are numerous, we must 
examine them briefly before admitting that they form an adequate basis 
for the theory of learning. 

The law of contiguity seems the most clearly established of these gen- 
eralizations, In order that association occur, the associated experiences 
must fall within a certain time interval. For conditioned reflexes in 
lower animals this interval is a matter of seconds or minutes; for man, 
perhaps through mediate associations, it may be much prolonged. Ex- 
ceptions may be the seeming facts of association by similarity, as when 
a visual pattern suggests an auditory rhythm. Since not all experiences 
which occur simultaneously are associated, the law clearly defines only 
one of the conditions necessary for learning. 

The law of exercise has been more emphasized than any other in 
recent theories. Repetit'on of experiences in contiguity leads to their 
firmer association. Repetition of a function results in its improvement 
in speed or accuracy, according to the law of diminishing returns. These 
statements express common facts. But their universality and fundamental 
importance for learning theory is questionable. Most of the learning 
of human adults does not involve repetition and frequent instances of 
animals* learning in a single trial are available. Moreover, the functions 
which are improved by repetition arc invariably complex, involving the 
formation of numerous associations, many of which may be seen to be 
formed in a single trial. The learning curve may be explained as well 
on the assumption that single associations are formed in one trial and do 
not improve with practice as by the theory that they improve gradually. 
Thorndike (1913) has so dealt with the learning curve in discussion of 
changes in the rate of improvement, although he has elsewhere adhered 
to the doctrine of gradual improvement in the strength of bonds. Cason 
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(1924) has pointed out that improvement in the function usually involves 
not an improvement in the specific acts but a chan| 2 :e in the character of 
the acts ; that this is the establishment of new associations, not the improve- 
ment of old. Thus for the greater number of habits it is questionable 
whether improvement involves a strengthening of associations. 

The facts which seem best to support the law of exercise are those 
revealed by the savings method and nonsense material. Repetition of the 
series seems to strengthen the associations, since, with increased practice, 
less and less is lost by equal periods of disuse. This would be a more 
impressive argument if nonsense syllables were truly nonsensical, but 
actually their acquisition is helped by various mnemonic aids, and it 
is quite possible that overlearning multiplies the number of such associative 
bonds rather than strengthens those first formed. 

The improvement during conditioned-reflex experiments, involving 
apparently the association of a single stimulus and response, might be 
interpreted as evidence for improvement in conduction over a single path, 
but a considerable part of the improvement, which is measured by a greater 
regularity in the appearance of the reflex, is obviously due to a blocking 
of specific inhibitions, and it is not clearly dcmonstiated that any 
strengthening of bonds occurs even here. 

Data on ‘^fatigue” or experimental extinction of the conditioned reflex 
and the phenomenon of **going stale” from overpractice show that repeti- 
tion may weaken rather than strengthen associations. Pavlov (1927) has 
contended that this is due to the development of inhibition, on the ground 
that it cannot be a fatigue of the conditioned-reflex path. The term inhibi- 
tion is meaningless in this connection, since we arc not dealing with the 
suppression of one activity by another, which is all that inhibition means 
today, but with the suppression of an activity by simple repetition. The 
phenomenon seems related to that of adaptation in lower organisms, to 
which there is still less reason to apply the notion of inhibition. Experi- 
mental extinction stands today unexplained and in opposition to the law 
of exercise. 

It ^ is not our purpose to minimise the importance of exercise for 
learning, but only to point out that the facts of improvement with 
practice are susceptible of various interpretations and do not iustify the 
usual inferences drawn from^ them concerning the nature of the nervous 
processes involved. Associative connections are strengthened by practice 
but it does not follow that these connections are nerve tracts in which 
resistance is lowered by repeated passage of impulses. On the contrary, 
the changes in the character of the responses with practice indicate the 
continuous formation of new associative bonds, and there seems to be no 
instance of learning on record to which this explanation of the law of 
exercise could not apply. 

The law of effect has been variously expressed. Beginning as the 
notion that pleasant or unpleasant results of an act determine its repeti- 
tion, it has evolved through successive stages to the theory of the fixa- 
tion of habit through the influence of the **consummatory reaction.” 
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The pleasure-pain theory has been criticized on the grounds that it is 
mentalistic, that it begs the question by assuming that the consequences 
for every case of learning have been pleasant, that it fails to account 
for the acquisition of likes and dislikes, that it fails to account for selective 
association in such cases as maze learning, and that it is not true for 
reproductive memory, in which unpleasant experiences are recalled as 
readily as pleasant. 

In many of the studies of learning in animals it is customary to use 
incentives such as hunger, punishment, and the like, and in most cases the 
acts learned are those which result in removal of the incentive. The 
predominance of this type of situation in experimental studies has led 
to a great emphasis upon the importance of the *‘drive’* and the “consum- 
matory reaction.” It has been assumed that the hunger or other organic 
need serves to increase the general tension of the organism and that the 
cessation of the tension, following the consummatory reaction, with its 
satisfaction of the need, somehow fixes the habit. 

Two major theories of the mechanism of the drive have been implied 
in recent writings. The one takes its departure from the hunger mecha- 
nism and assumes that a continued state of visceral tension supplies a mass 
of sensory impulses which, by irradiation or specific facilitation, increase 
the excitability or responsiveness of the nervous mechanisms involved 
in exploratory behavior. This notion of organic hunger is probably 
correct, but it does not provide a comprehensible mechanism for the fixation 
of habits. The action of glands of internal secretion has been suggested 
as a second factor in the drive on the assumption that the heightened 
activity during emotional disturbance is referable to the increased adrenalin 
output and that other endocrine organs may work In the same way. 
We have carried out a number of fexperiments with adrenalectomized 
and castrated animals and other tests in which attempts were made to 
swamp the normal variations in secretions of the pituitary, adrenal, and 
sex glands by subcutaneous injection of extracts. All gave negative 
results on learning. 

A good bit of evidence, s\jch as the studies of relation of strength of 
incentive to rate of learning, shows that the drives play an important part 
in the formation of habits, but it is not clear whether this is by 
heightening the general activity of the animal and so increasing his chances 
of exposure to the proper conditions for learning, by increasing excitability 
so that the effects of the associated stimuli are more intense, or by some 
specific action whereby the associations are fixed. Certainly what is 
known of the mechanisms of the drive provides no comprehensible 
mechanism for fixation. Moreover, in the greater part of human learning, 
particularly in incidental memory and recognition, there is no evidence 
for any factors comparable to the drive. 

The assumption has been based upon the successive formation of 
conditioned reflexes that the drive may be transferred from one reaction 
to another and that the primitive drives may thus play a part even 
where they are not apparent. The latter conclusion is, however, purely 
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speculative and is really an attempt to explain the more common phenom- 
ena of learning in terms of the less. 

The law of effect, in its various foims, confuses learning with perform- 
ance. The animal learns to go where food is obtained in the maze and 
when hungry goes there. Under other conditions he may show an equal 
familiarity with other paths in the maze. The evidence suggests that 
the drive is one of the associated elements in the maze habit rather than 
the agent responsible for the association. 

A view of the learning problem which is allied to the emphasis on the 
law of effect is that stressing the unity in the act of learning. Peterson 
(1916) has pointed out that maze learning and similar activities cannot 
be understood in terms of independent acts, but must be looked upon as 
a unitary function in which all behavior is fused into a harmonious 
whole. The perfected habit is more complete, in that it involves fewer 
conflicts of impulses tlian the initial random activity, and the learning 
is the selection of these more complete responses. Poppeli cuter (1915) 
denies that simple association ever occurs. Learning results from the 
^'coexistence of experiences in one total experience whose physical cor- 
relate then constitutes the engram.^^ These statements foieshadow the 
doctrine of ''closure^' of the configurationists. Koffka (1928) has developed 
this notion in some detail. In solving a problem the organism is working 
toward a definite end or goal which Is unknown but nevertheless effective 
in producing activity. Until this goal is reached, the activity is incomplete 
or ^‘unclosed.” With the attainment of the goal the series of activities 
is completed or closed; that is, it assumes a configuration or equal 
distribution of tensions which is normal for the organism, as the spherical 
form is normal for a bubble. With closure, retention is somehow assured. 
Koffka’s statement of the law of closure parallels closely the law of effect. 
The unclosed situation corresponds to the drive to activity, the closure 
to the consumraatory reaction. At present the closed system is not defined 
except in terms of analogy with physical systems in equilibrium. Under- 
lying the theory of closure is the notion that the nervous system is so 
constituted as to limit and prescribe the relations into which excitatory 
processes must fall, as the shape of a surface determines the distribution of 
a static charge upon it. Description of insight is description of these 
necessary configurations, although in terms of stimulus relations or sensa- 
tions. We cannot find that any clear positive statement of the neural 
processes has been given. Wertheimer speaks of direct relations between 
centers of excitation, independent of the specific intercellular connections, 
but does not elaborate the suggestion. The recent emphasis upon the 
concept of configuration has been valuable in bringing out the ubiquity 
of the problem of reaction to relations in psychology and the inadequacy 
of the simple mechanical hypotheses to meet the problems, but it has 
provided no adequate substitute for these explanations. As applied to 
learning, there is no present criterion of closure of a system of activity 
except the fact of learning so that, if the hypothesis does not beg the 
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of course, familiar relations for the subject but they are in an unfamiliar 
order, ^^ere to multiply or divide is dependent on the new number, and 
the order of these procedures must be remembered. The assumption that 
few associative bonds are required is wholly gratuitous. Where large 
groups of numbers are remembered as familiar units, there is doubtless 
a reduction in the number of new associative connections, but such are 
no more instances of logical memory than is the learning of nonsense 
words instead of their constituent letters. The logical ordering and 
memorization of material seems always to involve the construction of some 
sort of relational framew'ork and the association of the elements to be 
remembered with parts of the logical frame : a process which would seem 
to involve more rather than fewer associative bonds. 

In the discussion of the symptoms of cerebral lesion in man we have 
seen that the functional units must be regarded as modes of organization 
rather than single reactions, methods of relating rather than specific as- 
sociations. There is a resemblance between this and the phenomena of 
logical memory, as though the material to be memorized were fitted 
into some one of the modes of organization, and as though retention were 
better if the material fits into some general schema of facilitation such 
as we have suggested to be functional in determining grammatical form. 

It is difficult to distinguish logical from rote memory. It is not impos- 
sible that even the supposedly most mechanical learning, such as the rat's 
acquisition of the maze habit, involves something akin to^ logical memory. 
There is certainly evidence of a generalization of directions in the maze 
as an important factor in the formation of the habit. There seems to be 
as much justification for Poppelreutcr's conclusion that all learning is of 
the type of logical memory as for the opposed view that all learning 
is the formation of fewer or more conditioned reflexes. 

Theories of the Mechanism of Learning 

Attempts to formulate a physiological account of the learning process 
have been concerned either with descriptions of the supposed structural 
changes underlying new modes of behavior or with speculations concerning 
the processes by which such structural changes are brought about. Oc- 
casionally the two aspects of the problem have been included in one theory. 
The speculations concerning the nature of the memory trace or engram 
may be divided roughly into five groups. 

1. Growth of New Processes Connecting the Neurons*^ Earlier 
views of the dendrites as ameboid processes, capable of extension and 
contraction in the establishment of temporary anatomical connections, led 
to the supposition that learning might consist of alterations in the con- 
tractility of the cells (Ramon y Cajal, Hellwig). Sherrington's demon- 
stration that reflex latent time does not involve a preparatory setting of 
the path, with more recent studies of finer cellular structures, has led to 
the abandonment of these theories. More recently, Kappers (1917) has 


good review of the anatomical theories is given by Matthaei (1921). 
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suggested that learning involves the establishment of new relatively pei- 
manent connections through the growth of axons and dendrites under 
the influence of bio-electric currents. His general theorv of neurobiotaxis 
was sketched on page 459. 



FIGURE 3 

Diagram To Ili.ustrate Kappers’ Theory of Association 
For explanation see text. 


Its application to the problem of learning is illustrated in Figure 3. 
a -- A and c - C represent two conducting systems, and a cell of a 
sensory tract, not associated with either but in close proximity. If 
a is excited, cell a is thrown into a condition of heightened ‘‘electrolytic 
dissociation” so that the surrounding field is ionized. If now J3 is stimu- 
lated, growth of its axon and collaterals is induced. The growth occurs 
most strongly in the ionized field of a, rather than tow^ard any of the 
cells of c-C. The approach of a collateral from ft stimulates develop- 
ment of dendrites from a until contact is finally made. 

Certain inadequacies of the theory are apparent. It accounts for 
selective association between two paths, but does not account for the 
direction of association. The rate of ameboid movement and cell growth 
seems too slow to account for the speed with which associations may be 
formed. 

2. Increase in Conducting Substance as a Result of Exercise. Ver- 
worn argued, from the growth of exercised muscles and the atrophy of 
the cells of the visual cortex in blinded animals, that the nerve cells 
increase in size under the influence of stimulation, and that with increase 
in size there is a corresponding increase in the intensity of the nerve 
impulses. Others have stressed the growth of parts of the ‘cell, the axon 
(Exner), the neurofibrillae (Ziegler), Alterations in the conducting 
substance without implied change in the morphology of the cells have 
been discussed by many writers. Robertson, from similarities between 
the experimental curves of Ebbinghaus and certain curves of rate of 
chemical action, has deduced that learning consists of the deposition within 
the cell of a product of an “autocatalytic monomolecular reaction,” the 
diffusion of which through the cell membranes constitutes forgetting. 
Matthews and Crile have pointed out the similarity between hysteresis 
of linseed oil and the phenomena of memory, and have suggested that 
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since Hnolinic acid occurs in the central nervous system it may be re- 
sponsible for learning. 

3. Chemical Changes in the Regions of Contact between Cells, The 
most widely cited theory of the engram is derived from Sherrington’s 
theory of the synapse as a semipermeable membrane whose resistance 
to the passage of nerve impulses is primarily responsible for the patterns 
of integration. From this it was but a step to the conception of a change 
in the permeability of this membrane as the basis of memory. Other 
theories concerning this mechanism have been suggested. Goldscheider 
postulates specific molecular changes at the intercellular junctions, by 
which a specific chemical sensitization between cells is produced. 

Cason (1925) has enumerated many ways in which the cellular rela- 
tions might be modified by the learning process. Reorienting the mole- 
cules of the synaptic membrane by electronic bombardment so as to alter 
its permeability, physical growth in accord with Kappers’ theory, changes 
in the colloidal dispersion within the neuron, according to McDonald’s 
theories of conduction, and changes in surface tension are the chief pos- 
sibilities suggested. No evidence is given that all or any of these changes 
are actually involved in learning. 

Johnson (1927) has formulated a detailed hypothesis concerning the 
structure of the synaptic junction, of which only a brief and inadequate 
sketch can be included here. He assumes that ionized molecules are 
absorbed on the cell membranes, constituting a surface film in which the 
charged ions are oriented with respect to the membrane. The ordinary 
metabolic processes of the cells, involving a constant transfer of ions 
through the membranes, produce a continuous oscillatory change in the 
orientation of the molecules of the surface film. The rate of this 
oscillation is constant for any given set of conditions. In order 
that conduction from cell to cell should occur, the periods of oscil- 
lation of their films must be synchronous. The periods of oscillation are 
altered during the learning process by a **forcing” of their frequencies 
resulting from the simultaneous stimulation of the membrane by the 
sensory impulses which later come to be associated. The hypothesis is 
chiefly of interest because of the modification of the theory of drainage 
which is introduced. 

4. Persistence of Excitatory Processes, Ebbecke (1919) has pointed 
out the resemblance between visual after-images, memory-images, and a 
wide range of other phenomena and, on the assumption that the simpler 
of these are due to an after-discharge, has attempted to account for 
all memory in terms of residual excitation in the cells. 

5. Diffuse Functional Correlations, Loeb (1902) followed Goltz to 
a large extent in rejecting cerebral localization of function and proposed 
a theory of learning in accord with this view. The theory was rather 
vaguely expressed but involved the assumptions that integration in the 
nervous system is determined by the periodicity of discharge of nerve 
impulses rather than by specific connections of cells and that learning 
consists of a tuning of motor systems so that they become resonant to* 
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particular sensory frequencies. A similar conception of the mechanism of 
integration is proposed by Weiss (’1926), although he has not applied it 
to the problem of learning. This alteration in periodicity of activity 
may be ascribed either to individual cells making up distinct paths or to 
large masses of cells. Its locus has not been discussed by the writers. 

This list of theories includes almost every conceivable change which 
could occur in a system made up of nerve cells. There is little to choose 
between the different ones. They are not developed in detailed relation 
to the various phenomena of learning and retention and so are not readily 
capable of experimental test. No one more than another serves to unify 
and make more intelligible the diverse phenomena of learning. None 
provides any basis for prediction of the results in any new learning 
experiment. 

Almost all of the theories take for granted the law of exercise, the 
formation of associations by the forced passage of nerve impulses over the 
paths later associated, and the functioning of these paths in the per- 
formance of the learned activities. As we have seen in the foregoing 
sections, these are not established facts and indeed seem to be contradicted 
by a considerable amount of evidence. If it is true that a learned response 
may be carried out by the activation of conduction paths, either afferent 
or efferent, which were not employed during the process of learning, or 
if practice does not lower resistance to conduction in established paths, 
but only leads to the formation of different paths, the theories lose all 
their relevance. 

The theories reviewed above have been concerned chiefly with attempts 
to describe the engram. Another group has attempted to account specifi- 
cally for the initial passage of impulses from one tract to another, assum- 
ing that the law of exercise will explain the fixation. They start with 
the fact of simultaneous or successive excitation of two tracts which 
are in anatomical but not in functional connection. Drainage and irradia- 
tion of nerve impulses are the two mechanisms most frequently cited. 

Drainage, The theory of drainage was first definitely propounded by 
McDougall to account for the phenomena of inhibition. It involved 
the postulation of a particular kind of energy, '^neurin/^ stored in or 
flowing through nerve cells. When a neuron is stimulated, it not only 
conducts the energy received from the stimulating cell but also drains off 
the energy of other cells with which it has organic connections. The 
theory has been applied to the learning process by Meyer and by Adams. 
In brief, they assume that when two reflex paths are excited simultaneously 
the donainant final common path drains off energy from the other. The 
connections opened by the force of this drainage are later permeable to 
impulses coming from the previously drained path alone. 

The theory of drainage is opposed by all of the more recent data upon 
the^ nature of the propagated disturbance in nerves. The phenomena 
which it was devised to explain can be more adequately treated in terms 
of interference of nerve impulses. Johnson (1927) has attempted to re- 
habilitate the theory in order to explain the induction of retinal fatigue in 
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one eye by stimulation of the other. To the writer this seems only a 
special case of central elaboration in vision, presenting the same problems 
as binocular color mixture, filling»in of the blind-spot, completion of forms 
in the hemianopic field, and the like. These phenomena cannot be dealt 
with in terms of drainage so that its postulation for the special case of 
fatigue and for learning seems unjustified. 

Irradiation. The theory of irradiation as proposed by Goldscheider 
assumes that regions intermediate between two excited centers receive 
nervous impulses from both and are, therefore, subject to stronger excita- 
tion than non-intermediate zones. As a result of this intense excitation, the 
region undergoes changes of stable character which result in a more 
ready excitation of either center by the other. The more recent formulation 
of Pyle seems essentially the same as this. 

Watson (1914) has approached the problem in a somewhat different 
way. He assumes that the excitability of the final common path of the 
associated icaction is increased during stimulation. When the associated 
stimulus is applied, it excites sensory fibers, and weak impulses irradiat- 
ing from these may stimulate the hyperexci table final common path. This 
excitation results in a lowering of threshold for impulses coming later 
over the same sensory path. 

The theory of Kappers (see page 489) also appeals to irradiation but 
assumes that the spreading electric current resulting from the nervous 
discharge stimulates the growth of processes from the cells. 

Direct evidence for the theories of irradiation is lacking. The writer 
attempted a test of them by training animals under the influence of strych- 
nine and caffeine. These drugs are supposed to have a similar physiologi- 
cal action, promoting irradiation in spinal nervous centers. Strychnine 
was found to facilitate learning, caffeine to retard it markedly, which 
proves only the inadequacy of our knowledge of pharmacology. 

Learning by Trial and Error. Most of the recent attempts to develop 
a theory of learning have started from the problem of random activity and 
the selection of successful acts. The statement of the problem is usually 
some variant of the following: a stimulus (hunger, maze, or what not) 
initiates a series of activities which may be called a-b-c d-e-f-g-h, and which 
follow each other in a natural order. Acts b, d, L and h contribute to 
success in the problem. With practice, the others are dropped out, leaving 
the series b-d-f-h as^ a direct solution. No question of the association of 
b with d and so on is raised ; it is taken for granted when c is omitted. 

This we believe to be a wholly misleading statement of the problem of 
learning in the maze or problem box. The acts do not form an internally 
conditioned series from which the dropping of some will leave the re- 
minder in association. On the contrary, it is a chance sequence deter- 
mined by the environmental stimuli which the animal encounters, an 
odor here, a contact there, calling out specific unrelated activities. The 
linking of the successful acts is not explained by the dropping of the 
unsuccessful. 

The acts making up the final series are not those which originally intej;- 
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vened between the unsuccessful movements. Entering the true path from 
a section of the cul-de-sac in the maze is the same act as entering the 
section from the preceding part of the true path only when the act is 
defined in terms of its end result; the movements involved are never the 
same. 

The first evidence of learning is a focalization of activity to which the 
elimination of errors seems purely subsidiary. In the maze the animal 
pushes forward in the direction of the food compartment; in the problem 
box his responses to the latch become prolonged. The effectiveness of cer- 
tain stimuli is heightened, responsiveness to other stimuli drops out in con- 
sequence. The problem of learning by trial and error is thus not one of 
the mechanism of dropping of useless movements, but of the fixation of 
the effective behavior. The behavior shows a responsiveness to relation- 
ships and a unity w^hich is difficult to express in terms of simple associa- 
tions and for which none of the suggested principles of selection is a 
ssatisfactory explanation. 

The Problem 

The conclusions from this review of the problem of learning must be 
largely negative. In spite of the vast experimental literature which has 
grown up since the studies of ICbbinghaus and the advancement which has 
been made in the study of nervous structure, it is doubtful that we know 
anything more about the mechanism of learning tlian did Descartes when 
he described the opening of the pores in the nerves by the passage of 
animal spirits. His statement sounds remarkably like the reduction of 
synaptic resistance by the passage of the nerve impulse. 

The evidence from many lines of investigation opposes interpretation 
of learning as the formation of definite ‘^conditioned-reflex arcs” through 
the cerebral hemispheres or through any other part of the central nervous 
system. It is doubtful whether the conception of limited conduction paths 
through the gray matter can be applied even in the case of spinal reflexes. 
The adequate stimulus to habitual reactions and even to instinctive acts is 
a ratio of intensities distributed in time or space and capable of calling out 
the response when applied to any sensory cells, within a wide range. 
Analysis of the central nervous mechanisms reveals likewise an independ- 
ence of individual nerve cells and a determination of response by masses 
of tissue and relative excitation of different parts. The same sort of inde- 
pendence of structural elements appears in a study of the motor responses. 
The phenomena can be described only in vague dynamic terms, and at- 
tempts to particularize either in terms of individual reactions or of 
anatomical units fail to express the most striking characteristics of the 
problem of organization. The unit of functional organization seems to 
be not the reflex arc of Sherrington or the mechanism of reciprocal in- 
nervation of T. G, Brown, but the mechanism, whatever be its nature, by 
which response to a ratio of intensities is brought about. 

If our analysis of the problems of behavior and of neural mechanism is 
correct, it follows that the current theories of neural organization have 
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Started from false premises and offer no hope of a solution of the prob- 
lems. Such a sweeping conclusion is still premature, but its possibility 
emphasizes the need for a more critical experimental analysis of the evi- 
dence upon which current theories are based. 

A review of the literature on learning reveals many suggestive relation- 
ships between the various forms of modification of behavior. We have 
pointed out the similarity between the problems of morphogenesis and of 
integration in the developed nervous system; the relations of fatigue, ac- 
climatization, experimental extinction of the conditioned reflex, and “going 
staW*; the problem of the organization of behavior in relation to differ- 
entiated structure and to undifferentiated mass of neural tissue; the inter- 
relation of speed of learning, limits of training, and cerebral development; 
questions of the nature of the adequate stimulus and the seeming differences 
between learned reactions and the mere contraction of muscle groups; 
various instances where specific laws of learning seem not to apply. In 
none of these examples are the data adequate to give a clear insight into 
the relations involved, and until these relations are revealed there is no 
starting-point for a general theory of learning. 

In the present stage of psychological science, the sole value of hypoth- 
eses is to define alternative possibilities which can be tested by experiment. 
The slight value of current formulation of learning theory is attested by 
the small number of studies which attempt a critical evaluation either of 
the laws of learning or of the postulated nervous processes underlying 
them. The fact is that most of the laws and theories arc couched in such 
form as neither to be susceptible of experimental verification nor to sug- 
gest any experimental procedures which will lead to a more profitable 
formulation. Descriptive studies of learning must be extended over a far 
wider range and in much greater detail than at present and must reveal 
the similarities and differences between the many types and levels of 
modification of behavior before any attempt to formulate a general theory 
of learning will be of value. 
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we compare the amount of time required for the original learning with the 
time required for the relearning, we shall find, if there is any retention, 
that the relearning requires less time than did the original learning. 

“The three conditions of behavior which constitute the evidence for the 
retention of stimulus-response co-ordinations also suggest the methods by 
which retention can be experimentally studied. The first method is that 
of recall or reinstatement. This method is used in all studies which in- 
volve recitation [the arousal of a response in the absence of its usual 
stimuli] or other form of recall of the specific co-ordination under inves- 
tigation. A specific form of this method is that of paired associates, de- 
vised by Calkins [1896] and perfected by Muller and Pilzecker [1900]. 
In this form of the method the material to be used as stimuli is presented in 
pairs (of words, pictures, etc.). The subject is instructed to speak the 
words, e.^., and the entire series of paired stimuli are presented serially 
a specified number of times. Then the first members of the pairs are 
presented to the subject in a changed order. He is now instructed to re- 
call, /.e., to reinstate, the response formerly aroused by the second mem- 
ber of the pair. Retention is measured by the length of time that it takes 
him to reinstate the required response and by the proportion of right and 
wrong responses. Thus the series a-h, c-d, e-f, (i-h is presented to the 
subject one pair at a time, each pair for one second. After the fifth read- 
ing, let us say, the subject is then shown r, .< 7 , a and e, and instructed to 
reinstate the responses {d» h, h, f) which had formerly been given to the 
absent stimulus of the pair. 

“The second method of studying retention is usually called the method 
of recognition. This method requires the subject to discriminate between 
old^ and new stimuli, /.<?., between stimuli with which the subject has been 
trained and stimuli with which he has not been trained. We shall there- 
fore call this second method the afte of stimulus method, A typical pro- 
cedure in the use of this method is as follows: ( 1 ) Colors, grays, odors, 
tones, ^ pictures, advertisements, words, whatever it be, the stimuli for the 
experiment are chosen. (2) This selected material is now presented to the 
subject either serially or in pairs. During the presentation the subject is 
instructed to respond with the verbal response which he has learned to call 
the name of the stimulus, or he is permitted to make no overt response. 
(3) The stimuli may be presented any number of times up to the point 
where the subject can reinstate all of the responses which he has learned 
for the series. And (4) at the end of any presentation the stimuli may 
be^ presented to the subject in the same arrangement in which they were 
originally or in a different one, but in cither case new stimuli will be mixed 
in with the old. The subject is now instructed to make one type of re- 
sponse to the old stimuli and another to the new. This discriminative 
test need not be given immediately after training. It may be deferred for 
any length of time chosen by the experimenter, 

“The third method of studying retention is the saving method of Eb- 
bmghaus [1913], In this method we record the number of trials, the 
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amount of time, and the number of errors in the learning piocess for any 
given stimulus-response co-ordination. Later, after the lapse of a certain 
length of time, the subject again learns the co-ordination up to the same 
lev5 of skill required in the original learning. The diiference between 
the records for the original learning and the same measurements for the 
relearning is an indication of the amount of retention. If a subject re- 
quires as much time for the second learning as for the original learning, 
there is no evidence that he has retained any of the initial practice efiEects.” 

The vast range of experimentation and discussion in the field of the 
learning process precludes the possibility of our covering the entire field 
in the present chapter. Learning is intimately involved in the development 
of all behavior patterns. This is clearly indicated in the field of reflexes 
by Pavlov’s (1927) work on the conditioned reflexes and in the field of in- 
stinct by the work of Shepard and Breed ( 1913) , Moseley (1925), Bird 
(1926), and Carmichael (1927) on the possible role of maturation in the 
development of behavior. We shall discuss one aspect of the maturation 
problem when we consider the relation of age to learning capacity ; but the 
aspect raised by the studies just mentioned will not concern us because 
the maturation of the specific stimulus-response mechanisms involved in 
experiments upon learning has apparently been completed before the sub- 
ject reaches the experiment. Learning is also intimately related to the 
problem of work, i.e., to the problem of the exercise of forms of response, 
and to that of thinking behavior where the acquisition and use of sym- 
bolic processes is of characteristic importance. The limitations of space 
will prevent our developing these topics. Furthermore, we can only men- 
tion the importance of a study of the learning process for the adequate un- 
derstanding of those topics which the psychologist has labeled attention 
and testimony. Thus studies on the span of attention, the immediate mem- 
ory span, and testimony are all alike in that they require the subject 
to reinstate certain learned responses after a single presentation of the 
stimulus. They differ only in the temporal duration of the stimulus. If 
the stimulus is presented for 1/50 of a second, the experiment is classified 
as one on attention; whereas with longer exposure times, the behavior is 
classified as testimony or memory. 

Since the problem of acquisition and retention concerns stimulus-response 
coordinations in an individual subject, the complete experimental record 
of the problem involves a study of the effect upon acquisition and reten- 
tion of: (1) variations in the stimulating conditions, such as temporal 
duration, frequency, whole vs, partial presentation, and amount; and (2) 
variations in the condition of the subject, such as fatigue, age, sex, cultural 
status, ability, incentive, neural condition, and character, amount, and 
recency of past training. In the present chapter we shall discuss certain 
of the more important problems here suggested, stressing constantly the 
analysis of experimental findings. The references at the close of the chap- 
ter will afford the reader not only an opportunity to examine the original 
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experimental material referred to in this chapter but to extend his reading 
to other experiments which it was not possible to analyze. Let us turn 
first, then, to a study of the curve of acquisition. 

The Learning Curve 

The learning curve is a graphic representation of the change in behavior 
which is brought about by successive periods of practice all of which are 
represented on the curve. In contrast to this is the sample performance 
curve illustrated in Figure 3. In this graph improvement is not the re- 
sult of the practice represented by the scores on the curve but is a result of 
the practice which occurs outside of the experimental period. No partic- 
ular difiiculty arises in the construction of either type of curve for an in- 
dividual subject. In such a case values along the abscissa represent suc- 
cessive practice (or test) periods equal in magnitude one to the other, and 
the values along the ordinate represent some quantitative aspect of be- 
havior such as the number of errors, the number of correct responses, or 
the time consumed per unit on the abscissa. Curves for individual sub- 
jects usually fluctuate considerably from practice period to practice period, 
not because learning is an intrinsically fluctuating process but because the 
experimenter does not sufficiently control the experimental conditions un- 
der which the learning takes place. It is furthermore to be noted that 
any particular learning curve can represent but one aspect of the trend 
in behavior and that it may not faithfully and accurately represent even 
this aspect. Thus progress may be rapid in the error aspect of the be- 
havior and relatively slow in the time aspect; and when progress is slow, 
as shown in a plateau, the lack of apparent improvement may be due only 
to the crudeness of the measures employed. 

We have spoken so far only of learning curves for individual subjects. 
The construction of curves which shall represent the learning process in 
groups of subjects is not so simple. The learning process extends from 
the beginning of practice until some arbi^imly established degree of skill 
is attained, e.g., three perfect trials in succession in the maze. Subjects 
.will differ in the number of trials required for mastery of the problem. 
If, therefore, alhaubjects are given the same number of trials, let us say 
30, and, if the curve is constructed by averaging the records of all subjects 
for each successive trial, the resulting graph will represent how the average 
performance changes from the first to the 30th trial. (See Figure 13.) 
It will not represent the progress made in learning the problem set, for 
some of the subjects will have mastered the problem in much less than 30 
trials, or practice periods, and hence will be greatly overtrained. The con- 
ventional method of constructing a curve which will portray the learning 
process in a group of subjects is illustrated below in Table 1. Vincent 
(1912, pp. 16-17) has suggested the best method of constructing a curve 
which throughout its extent will be representative of the whole group of 
subjects and which will portray the change of behavior from the begin- 
ning of practice until the problem is mastered. 
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TABLE 1 

Error Records for Five Rats in Learning a Simple Maze 


The table shows two conventional methods of obtaining averages. 


Rat 1 

Trial 

2 

3 

Errors 

4 

5 

Av. error 

Av. ei roi 

1 

40 

20 

30 

25 

10 

25 

25 

2 

25 

30 

24 

10 

12 

20 2 

20,2 

3 

8 

20 

18 

7 

6 

11 8 

11 8 

4 

2 

15 

10 

4 

3 

6.8 

6.8 

5 

1 

10 

5 

1 

5 

44 

4.4 

6 

0 

3 

0 

1 

2 

1.2 

2. 

7 

0 

2 

3 

0 

3 

1.6 

3.6 

$ 

0 

1 

0 

1 

2 

.8 

1.3 

9 

0 

1 

0 

0 

1 

.4 

1 . 

10 

0 

0 

0 

0 

1 

.2 

1 . 

11 

0 

0 

0 

0 

2 

.4 

2. 

12 

0 

1 

0 

0 

1 

.4 

1 . 

13 

0 

0 

0 

0 

0 

0 

0 

14 

0 

0 

0 

0 

0 

0 

0 

15 

0 

0 

0 

0 

0 

0 

0 


The construction of a Vincent learning curve can be illustrated from 
the data of Table 1, which contains the error records for five rats in a 
simple maze. If three perfect records in succession are taken as the cri- 
terion of mastery, learning was completed as follows: rat No. 1, 5 trials; 
rat No. 2, 12 trials; rat No. 3, 7 trials; rat No. 4, 8 trials; and rat No. 
5, 12 trials. If we average the material by trials as is done in either of 
the last two columns of the table, we either include some records beyond 
the completion of learning or we omit some of the subjects. The Vincent 
curve, which is not open to these criticisms, is constructed by dividing the 
learning periods into an equal number of parts on the basis of the number 
of trials required for mastery. These parts are then averaged as a basis 
for the graph. Suppose we divide the learning of each subject into ten 
equal parts. Rat No. 1, who learned in 5 trials, learned in ten parts 
each of which is one-half a trial. The ten parts of No. 2\s learning are 
each 1.2 trials long. When the number of errors in each tenth are cal- 
culated and averaged for the group, the values of Table 2 result.”^ 

An excellent illustration of the practical value of the Vincent type curve 
is to be found in the studies by Kjerstad (1919), Robinson and Darrow 
(1924), and Robinson and Heron (1922), where the curves of learning 
for materials of different lengths are compared. Figure 1 from Robinson 
and Darrow plots, in the conventional fashion, the average amount learned 
against the learning time. It would appear from these curves that learn- 
ing progresses more rapidly in the initial stages as the length of the mate- 
rial to be learned decreases. Such a conclusion, however, would be un- 
justified because the learning process is more condensed in the shorter 

^Kjerstad (19t9, p. Z6) describes a graphic method of arriving at the values for 
L the Vincent curve. 
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FIGURE I 

Curves for Different Amounts of Material, Showing the Relation between 
Amount Recalled and Learning Time 

(From E. S. Robinson and C. W, Dar row’s “Effect of Length of Lists upon 
Memory for Numbers,” Amer, A FsychoL, 1924.) 

curves than in the longer ones. In order to compare progress in the vari- 
ous problems, curves must be constructed which will be of equal length* 
When the results are averaged by the Vincent method, the authors secure 
the data of Table 3, which shows that the progress of learning is essen- 
tially the same for all lengths of material, the shortest list of numbers and 
of syllables offering the only discrepancy. Robinson and Darrow thus 
confirm the prior findings of Kjerstad that the form of the learning curve 
is independent of the amount of material learned. 

Learning curves have one of two general forms depending upon the 
values that are plotted on the ordinate. If correct responses are recorded 
on the ordinate, the resulting curve will be some variant of the type shown 
in Figures 1 and 3 because the number of correct responses increases with 
the increase in practice. When, however, time or error records are plotted 
on the ordinate, the curve is of the general character of Figure 7. Aside 
from this ascending or descending characteristic of the curve of learning, 
attention should be directed to changes in the form of the curve which 
result from changing rates of the acquisition or elimination of responses. 
We shall reserve for following sections the discussion of long periods of 
little^ or no change in the curve, the pUteaus, and the discussion of sud- 
den improvements in the subiect’s performance which have been accredited 
to in^ghu At present we shall confine ourselves to comments upon those 
changes in the curve which occur at the beginning and end of learning. 
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TABLE 2 


Records for a Vincent Curve Based on the Data of Table i 


Rat 

1 


2 

3 

4 

5 



Tenths 



Errors in successive tenths 



Av. 



20 

26 

21 

20 


12.4 

19.8 

2 


20 

32 

18.6 

11 


12 

18.7 

3 


12.5 

21 

16.2 

6.8 


5.4 

12.3 

4 


12.5 

14 

12.6 

5 


5.2 

9.8 

5 


4. 

5 

8.6 

3.2 


3. 

4.7 

6 


4. 

2.2 

9. 

.8 


34 

3.8 

7 


1. 

1.2 

3.5 

.8 


2. 

1.3 

8 


1. 

.6 

.5 

.4 


1.2 

.7 

9 


.5 

0.0 

.9 

.2 


2. 

.6 

10 


.5 

1. 

2.1 

.8 


1.4 

1.1 





TABLE 3 





The Relationship between Amount of Material To 

Be 

Learned 

AND THE 

Progress 

OF Learning as Revealed by the Percentages of Material 


Learned 

IN Successive Sixths of 

THE Learning 

Process 





(After Robinson and D arrow) 




Percentage of 


Percentage 

of materials 

mastered 

(three-place numbers) 

total learning 



for lists of different lengths 


time 



4 nos. 

6 nos. 

8 nos. 


10 nos. 


16.7 



19.4 

31.8 

29.3 


30.4 


33.3 



36.1 

44.5 

45.9 


45,3 


50. 



49.8 

54.0 

55.3 


54.6 


66.7 



63.1 

62.7 

64.0 


64.7 


83.3 



82.3 

71,0 

75.8 


70.4 


100. 



100. 

too. 

100. 


100. 





Percentage mastered for nonsense syllable lists 





of different lengths 





6 syl. 

9 syl. 

12 syl. 


15 syl. 

18 syl. 

16.7 



23.3 

33,9 

34,6 


30.9 

33,1 

33.3 



45. 

51,2 

52.3 


52.2 

53.2 

50. 



60.5 

62. 

66,3 


62.0 

66.3 

66.7 



72.3 

73,6 

74.9 


74,2 

76.3 

83.3 



83.4 

80.8 

80.5 


80.3 

82.8 




100. 

100, 

100. 


100. 

100, 


The initial period of learning: as portrayed by time and error curves is 
usually one of rapid change as indicated in Figures 1 and 7, Such a 
change indicates either that the factors, e.g., emotional disturbances, mak- 
ing for high time and error scores quickly disappear as the subject becomes 
adjusted to the experimental situation or that certain easily established 
components of the final habit have been acquired. Figure 9 shows an 
error curve which remains on the same level for sever^ trials and then 
drops. In the absence of an experimental analysis of the situation from 
which the curve is taken, we must content ourselves with the hypothesis 
that an adjustment must be made to certain factors which are diificult 
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to master before learning can proceed. This difficulty of the initial aspects 
of the problem would be adequate to account for the curve. Curves drawn 
for correct responses may also show initial periods either of rapid change^ 
Figure 1, or of slow change, Figure 2. Peterson^s (1917<a:) study of ball- 


CrftfTi 



FIGURE 2 

CtTRVES FOR THE ELIMINATION OF ERRORS AND FOR ACHIEVEMENT (Rtf) IN 

Ball-Tossing 

(From J. Peterson’s ^‘Experiments in Ball-Tossing: the Significance of 
Learning Curves,” /. Exper. Psychol, 1917.) 

tossing gives us this latter curve. Ra represents the average number of 
successive catches per practice period. The curve is concave to the or- 
dinate, as are also curves constructed by Swift (1903) and Batson (1916) 
for the same habit, thus indicating that the early adjustments necessary to 
score successive catches are acquired with difficulty. After the preliminary 
stages of learning, progress becomes more rapid until the final level of per- 
formance is reached. Stroud (1931), in a brief study of the learning 
of poetry, where progress was indicated in terms of large units (lines 
recited), secured learning curves approximating the above Ra type but 
showing a definite final negative acceleration. (For a further discussion, 
by Hull, of such S-shaped curves, see pages 425-426 of this book.) 

If practice is continued long enough, all curves of learning reach a final 
level of attainment. Probably all curves reach this level through a period 
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FIGURE 3 

Sample Performance Curves for Sending and Receiving Telegraphic Messages 
(From W. L. Bryan and N. Harter’s “Studies in the Physiology and Psychology 
of the Telegraphic Language,” PsychoL Rev.j 1899.) 

of^ negative acceleration. Peterson's curve shows a final level which is at- 
tained suddenly. This, however, is an artifact due to the limitation of 
each practice period to 200 catches and to the consequent fact that not 
more than 200 successive catches could be made per practice period. If 
the subject had been instructed to increase his number of successive catches 
as much as possible, the resulting curve would undoubtedly have leveled 
off gradually rather than sharply. The final negative acceleration of learn- 
ing curves may be due to the difficulty in mastering the final aspects of the 
habit either because the most difficult components tend to be learned last^ 
or because the integration of the total series of responses is itself an ac- 
complishment difficult to attain. Thus the individual stimulus-response 
components may be mastered, but their appearance in the proper sequence 
and in the minimum time may yet constitute a problem for mastery. 

Whenever a problem is set for the subject in such a form that small 
differences in the accuracy of responses may be measured and whenever 
speed is factor in the behavior, the physiological limit of the organism 
sets the limit beyond which the subject’s performance cannot go. ^Phe 
physiological limit is rarely if ever reached. The subject’s performance 
rather ends on a level determined by the incentive under which he works 
as well as by the difficulty of making additional improvement. Whether 

*On this point see G. M. Peterson (1928), 
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the activity engaged in be golf, typesetting, or addition, the subject tends 
to remain on a final level of attainment which is socially and economically 
acceptable. Even though practice is long continued, no improvement may 
result unless new incentives, such as higher wages or personal competition, 
are added to the working conditions. 

Plateaus 

A plateau in the learning curve is a period during which the subject 
makes little or no progress toward mastery of the problem. Bryan and 
Harter (1897) were the first to emphasize the problem presented by the 
occurrence of plateaus and to seek for their explanation. Figure 3 pre- 
sents two curves, one for sending and the other for receiving telegraphic 
messages. These curves are sample performance curves, which indicate the 
degree of skill attained by the subject after the indicated weeks of practice. 
Once each week the subject was tested and the number of words (selected 
from standard sentences) sent or received during several two-minute in- 
tervals were averaged and translated into letters per minute to give the 
values entered on the ordinate. Figure 4, a receiving curve, was con- 
structed in the same way for a subject who had studied telegraphy about 
six weeks before beginning the experiment. This curve shows the pro- 


Tfecfiiv/rfc ^i^Sruo£f<rJiH/rSmTrjjSkooKv/t.Ley x/f d. 
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FIGURE 4 

Sample Ferpo-rmance Curves for Receiving Telegraphic Messages 
(From W. L Bryan and N. HartePs ‘"Studies in the Physiology and Psychology 
of the Telegraphic Language,” PsychoL 1899.) 
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gress made in the ability to receive letters not making words, words not 
making sentences, and words which did make sentences. 

Bryan and Harter explain the plateau of the receiving curve in terms 
of the acquisition of a hierarchy of verbal habits. “The curves of figure 
[4] show also, however, that for many months the chief gain is in the 
letter and word habits, that the rate of receiving sentences is, in this period, 
mainly determined by the rate of receiving letters and words, and that 
rapid gain in the higher language habits does not begin until letter and 
word habits are well fixed” (p. 356). The sending curve shows no 
plateau “because, as in the early part of the receiving curve, the various 
habits are acquired simultaneously.” 

Swift (1903, 1906, 1907), in his studies of ball-tossing, typewriting, and 
learning Russian, and Book (1908), in his study of typewriting, found pla- 
teaus of greater or lesser length. Swift believes that the plateaus are partly 
due to failure in the subject's effort and enthusiasm, partly to the experi- 
menter's inability to measure the progress that is taking place, and partly 
to the necessity for the subject to perfect certain responses before he can 
proceed to a higher level of efficiency. One of Book's figures is reproduced 
as our Figure 5. The curves represent the number of strokes per minute 
on successive days of practice in copying material by the sight method of 
typewriting. Book partially agrees with Swift that the plateaus are due 
to a relaxation of effort on the part of the subject rather than to the influ- 
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FIGURE 5 

Curve for Learning TypEwamNO 

(From W. F. Book^s JPsychohgy of Skilly 1925, by permission of the pub- 
lishers, The Gregg Fublishing Co., New York.) 
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ence of a hierarchy of habits, but he adds to the former factor that of 
excessive effort wrongly applied. 

Batson (1916), who has made the most extended study of plateaus since 
the work by Bryan and Harter, trained his subjects in tossing and catch- 
ing two balls. In order to perform such a task accurately, it is necessary 
to throw the ball in the proper direction, to throw it with the proper 
force, and to time the opening and closing of the hand accurately enough 
to catch the ball. Batson devised tests in which the subject must react 
primarily to directional, distance (force), and time factors. The direc- 
tional test involved rolling a steel ball along a smooth board in an attempt 
to strike a small wooden block. The force, or distance, test required the 
subject to roll a rubber ball so that it would stop as near to a given mark 
as possible. The timing test required the subject to release a small lead 
shot so that it would roll down a groove and reach the end at the proper 
time to fall into the pocket of a disc which rotated at a constant speed 
past the end of the groove. Since these three analytical learning tests 
were not given simultaneously with the ball-tossing test which they were 
designed to analyze, it is impossible to correlate progress in ball-tossing 
with improvement in the reactions to direction, distance, and time as it is 
possible in Figure 4 to compare the progress in receiving letters and words 
with the progress in receiving connected discourse. In any case it is highly 
questionable whether time, distance, and direction are involved in Batson’s 
analytical tests in the way that they are in ball-tossing. One could hardly 
look, in that case, to these tests to clarify the curve for ball-tossing. Batson 
concludes that plateaus do not occur in simple types of learning (and yet 
his Figure 16<2, presenting the scores in the direction test, shows a well- 
marked plateau), and that they may or may not occur in complex learning. 

The whole problem of plateaus is greatly in need of experimental clari- 
fication. Since the plateau is a period of little or no progress in learning, 
any factor which retards learning may theoretically produce plateaus. Lack 
of effort, misdirected effort, lack of incentive, emotional upset, fatigue, 
habit interference, and the presence of unusually difficult components of 
the problem to be learned are some of these factors. Trow and Sears 
(1927) have recently presented evidence indicating the possible role of 
habit interference in the production of plateaus; and Hunter (1929, p. 
522) has secured maze curves for rats which show marked plateaus due 
to the great difficulty in eliminating certain errors. Before we can be 
certain that ^hierarchies of habits are concerned in the production of pla- 
teaus, we must have additional experiments like those of Bryan and 
Harter where the external and internal conditions of work are carefully 
controlled. Plateaus may be a genuine and necessary aspect of certain 
processes of learning and in other instances they may merely indicate the 
experimenter’s failure to keep working conditions constant for his subject. 
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The Nature of Insight 

In the topic of insight we not only extend our consideration of the 
learning curve to include the problem of a sudden improvement in effi- 
ciency, but we also face the theorv that there is present in some learning 
a factor, designated as insight, which is not of the same order as the 
factors involved in the conditioning of reflexes or in so-called trial-and- 
error learning. Our general conclusion will be that there is no adequate 
evidence for the assumption of a peculiar insight factor or for the assump- 
tion that there is more than one kind of learning. Let us begin with a 
consideration of Kohler’s work on apes. r • i 

Kohler (1925), in his extension of Hobhouse’s (1901) type of amrnal 
experimentation, defends the thesis that insight plays a role in the learning 
process. Although Kohler gives no analyst of the nature of insight, he 
contrasts his own experiments with those of Thorndike (1911) and hence 
may be said to treat insight as a form of intelligence. Intelligerft solutions 
of problems, from Kohler’s point of view, are to be contrasted with ac- 
cidental solutions as follows: '*The genuine achievement takes place as a 
single continuous occurrence, a unity, as it were, in space as well as in 
time; in our example, as one continuous run without a second’s stop, right 
up to the objective. A successful chance solution consists of an agglomera- 
tion of separate movements, which start, finish, start again, remain inde- 
pendent of one another in direction and speed, and only in a geometrical 
summation start at the starting point, and finish at the objective (1925, 
pp. 16-17). Successful chance solutions would be illustrated by the be- 
havior of a subject in his first trial in a maase where almost every possible 
error is made and where the exit is^ merely blundered upon. Another 
illustration of the same phenomenon is found in the behavior of Thorn- 
dike’s cats (1911), who were confined in a box from which they could 
escape only after having turned a latch. At first the cats attacked every 
portion of the cage and effected their escape only after having turned the 
latch in the process of this random scrambling. In contrast with these 
chance solutions, Kohler emphasizes that genuine achievement, i.e., intelli- 
gent behavior (or behavior with insight), involves but little if any useless 
activity, that it occurs as a single continuous and integrated response. In 
order that such behavior may be manifested Kohler says that all aspects 
which are essential to the solution of the problem must be simultaneously 
present to the subject so that he can obtain a view of the entire situation 
in all of its relevant aspects. This is equivalent to saying that all of the 
stimuli whose action is necessary for the correct response must be simulta- 
neously present. Such a condition is fulfilled only with visual stimuli, and 
the result is that insight would thus be limited to visually determined 
behavior. This in itself leads one to question the^ hypothesis, for it is 
highly doubtful that so important a factor as insight is alleged to be would 
be limited in this manner. However, the question is one of fact to be 
determined only by experiment 

In order that the reader may have a concrete example from Kohler of 
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intelligent, or insight, behavior, I quote the following: species of 

reversal of the 'tool-using’ experiments consists in placing a movable object 
across the path of the objective so that the problem can be solved only 
by its removal: . . .The box [which was the obstacle] was placed in the 
barred room in immediate contact with the bars and standing on the 
smaller end so that it could easily be knocked over. Outside the bars, 
and immediately opposite the center of the box, the bananas lay on the 
ground ; they could be reached at once with a stick, if the box were pushed 
aside or even knocked over . . . She [Tschego] crouched beside the box, 
facing the bars. For some time nothing happened. Then, however, some 
of the smaller apes approached from outside the cage . . . Each time, 
though, Tschego repulsed them with threatening gestures , . . The young- 
sters finally gathered closely around the fruit, but the danger inspired 
Tschego; she gripped the box, which was like a toy in her arms, jerked 
it backwards, stepped up to the bars, and took the fruit . . . The 'obstacle’ 
test was not solved ... by a series of imperceptible pushes involuntarily 
given to the [box] in the act of stretching towards the prize. Quite the 
contrary: during the lapse of two hours, Tschego did not move the [box] 
one millimeter from its original position, and when the solution arrived, 
the [box] was not shouldered to one side, but suddenly gripped with both 
hands, and thrust back. It was a genuine solution” (1925, pp. 61-65). 

With these illustrations before us, we may proceed with our analysis. 
There are two ways of defining insight: one method is to make insight 
a purely descriptive term referring to a certain type of behavior ; the other 
is to make it an explanatory term referring to something (usually psychic) 
which influences and controls behavior. Kohler has usually adopted the 
first course although much of his discussion involves the second. Other 
investigators, notably Koffka (1924) and Yerkes (1916, 1927), who dis- 
cuss insight also use first one and then the other meaning of the term. 
Thus Koffka writes: "It has been shown that improvement in efficiency 
goes hand in hand with an increased insight into the nature of the task. 
We use this word, insight, without theoretical presuppositions, in the 
common sense in which everyone takes it. If one knows that he is to 
remove a ring in a certain puzzle, and that in order to do so he must 
first move this piece and then that, turn the puzzle over and do something 
else, his procedure will be said to possess a greater degree of insight 
than the procedure of another person who simply goes ahead without 
any plan at all” (1924, p. 179). And again, "The sudden grasping of 
the solution which results is a process that runs its course in accordance 
with the nature of the situation, so that the complete solution of the 
problem takes place with reference to the configuration of the field of 
perception; and this is what Kohler maintains to be the criterion of 
insight” (1924, p. 214). Yerkes’ use of the term in an explanatory way 
IS indicated by the following quotation: "Insight is used throughout this 
report to designate varieties of experience which in us are accompani- 
ments of, sudden, effective, individually wrought adaptations to more or 
less distinctly new and problematic situations” (1927, p, 155). It is 
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impossible to do more than philosophize when dealing with such defini- 
tions of insight. The only practical and scientific problem is this: 
Are there types of behavior or characteristics of behavior so different 
from those present in the formation and use of habit in general that 
we are justified in speaking of insightful behavior? 

Insight is described by Kohler as a form of response which appears 
suddenly and runs its course smoothly from the beginning until the at- 
tainment of the goal, under conditions where all of the essential aspects 
of the problem can be viewed at one time by the subject. We have 
already rejected this last characteristic because it seeks to confine the 
alleged phenomenon to visually controlled behavior. The ‘‘smooth, con- 
tinuous’* aspect of behavior is characteristic of all well-established habits, 
including the maze habit, and so cannot serve to mark off one habit from 
another. (Kohler did not know the past history of his apes, and so 
could not know to what extent the “solutions” wfere merely reinstated 
habits.) This leaves us with the possibility that behavior which appears 
suddenly is insight. We shall discuss this after noting the characteristics 
proposed by Yerkes. Yerkes writes as follows: “In acts which by us 
are performed with insight or understanding of relations of means to ends, 
we are familiar with certain characteristics which are important if not 
also differential. The following is a partial list of features of such 
behavior. . . .(1) Survey, inspection, or persistent examination of prob- 
lematic situation. (2) Hesitation, pause, attitude of concentrated atten- 
tion. (3) Trial of more or less adequate mode of response. (4) In 
case initid mode of response proves inadequate, trial of some other 
mode of response, the transition from one method to the other being 
sharp and often sudden. (5) Persistent or frequently recurrent attention 
to the objective or goal and motivation thereby. (6) Appearance of 
critical point at which the organism suddenly, directly, and definitely 
performs required adaptive act. (7) Ready repetition of adaptive response 
after once performed. (8) Notable ability to discover and attend to 
the essential aspect or relation in the problematic situation and to neglect, 
relatively, variations in non-essentials” (1927, p. 156). 

Yerkes’ list of characteristics is proposed as a basis for the identifica- 
tion of a specific form of behavior called insight And yet nos. 1, 2, 3, 
4, 5, and possibly 8 are features of all learning processes whether they 
involve rats or men and whether the material to be learned is a maze, a 
brightness discrimination, or a list of nonsense syllables. Furthermore, 
all of the eight features occur where learning is completed in one trial. 
Indeed the eight features are all revealed in the behavior of the uni- 
cellular organism Stentor as described by Jennings (1906, Chap. 10). A 
child who refuses bitter medicine after one trial, or a chick who after 
one trial refuses to peck at certain food would qualify for insight behavior,, 
and yet the well-established principle of conditioned reflexes* makes the 
assumption of insight unnecessary for the explanation of the behavior* 
As in Kohler’s statement so here the one feature that calls for extended 
discussion is that of the sudden drop in the learning curve. 
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Figures 6-9 present certain learning curves relevant to the problem 
of insight. Figure 6, presented by Thorndike (1911, p. 41), represents 



FIGURE 6 


A Curve Showing the Decrease in Time Required by a C\t To Escvpe from 

A Problem Box 

(From E. L. Thorndike’s ^‘Animal Intelligence,” Psychol. Rev, Monog. 
Suppl, 1898.) 


the change in time during 13 trials in which a cat was trained to escape 
from a latch box. Figure 7 is a curve from Watson (1907) showing the 
time records of 19 rats in a maze. Figure 8 is a curve representing the 
work of an ape in a multiple-choice problem studied by Yerkes (1916, 
p. 27). Figure 9 reproduces curves from Clements’ (1928) study of the 
effect of different lengths of delay upon the learning by rats of the 



FIGURE 7 

A Curve Showing the Average Time Required by Nineteen Rats in 
Learning a Maze 

(From J. B. WatsoD^s *‘Kinaesthetic and Organic Sensations: Their 
Rdle in the Reactions of the White Rat in the Maze,” PsychoL Rev,, 
Monog, SuppL, 1907.) 
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shorter of two paths each leading to a food box. All of tiiese curves 
show sudden drops. Are we, therefore, to conclude that insight was 
present in all instances? How sudden must a drop be before insight 
behavior is involved? Or how much of a drop must be present? If a 
complete elimination of error within one or two trials shows insight, 
does a partial elimination show partial insight? There seems to be no 
proper objection to the affirmative answer to this last question, and yet 
such an answer makes any inference from drops in the learning curve to 
the presence of insight seem futile, for all learning curves are composed 
of a series of drops. The most pertinent and practical question to raise 
concerning such changes in the curve of learning is not ‘^Does such 
a curve reveal the presence of insight?’* but “What factors cause 
such drops in the learning curve?” This latter question is quite 
within the range of experimental solution. For example, the sudden drop 
in the maze curve, Figure 7, is largely due to the adaptation of the 
subject to the experimental situation and to the establishment of behavior 
■oriented toward the exit of the maze. Undoubtedly other factors exist 
which are equally susceptible to a concrete determination. No experi- 
ments have been conducted to determine why the sudden changes occur 
in the curves of Figures 6, 8, and 9. However, Figure 6 indicates learn- 
ing in one trial, and the experimental results on conditioned reflexes 
indicate that the phenomenon may well be due to the conditioning of 
the non-effective stimulus by some other stimulus which has a pronounced 
“right of way.” Figure 8 suggests very strongly either (1) that certain 
factors blocked the appearance of learning so that our crude methods 
did not reveal what was taking place until suddenly the correct response 
appeared, or (2) that, as probably in Kohler’s work, the sudden appear- 
ance of the correct response was essentially a reinstatement of previously 
learned behavior. The two curves in the middle of Figure 9 were 
clearly derived from responses which took place under conditions which 
for a time failed to produce a measured degree of learning, but just 
what these detrimental conditions were has not been determined. (It 



FIGURE 8 

A Curve Showing the Progress Made by an Ape toward the Mastery of a 
Multiple-Choice Problem 

(From R. M. Yerkes’ **The Mental Life of Monkeys and Apes,*' Bchant, 
Monop., 191 ^.) 
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FIGURE 9 

Learning Curves for Rats 
The figure is described in the text. 

(From F, E, Clements’ “The Effect of Time on Distance Discrimination in the 
Albino Rat,” J. Comp, Psychol,, 1928.) 

should be noted that curves 1 and 4 of this figure were not secured under 
conditions comparable with those which produced curves 2 and 3.) 
We are thus forced to the conclusion that no causal factor of insight has 
been demonstrated and that to resort to such an hypothesis is to desert 
the straight-forward experimental attack upon the determining conditions 
of behavior from which alone an adequate solution can be derived. All 
learning is essentially of a kind — ^the modification of behavior as a result 
of repeated stimulation under specified conditions. Some learning periods 
may be shorter than others, or may result in a higher degree of efficiency 
than others, or may involve verbal guidance, but there is no adequate 
reason for believing in two kinds of learning. 

We^ turn now to a consideration of two important ways in which 
the stimuli involved in learning may be presented to the subject: one 
involves the whole versus the part method of presenting the stimuli which 
are to^ be responded to, and the other concerns the frequency with which 
the stimuli are given. 

Whole versus Part Methods of Learning 

If a subject is to learn a sequence* of responses such as reciting a poem 
or running a maze, will it be more economical to repeat the entire 
sequence of responses at each trial or should the problem be broken 
up into parts and the parts learned separately? What will be the 
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relative merits of the two methods when they are evaluated in terms 
of retention? These problems have been extensively invCvStij^ated and 
discussed since Steffens^ work in 1900. In general, the results have 
indicated that the whole method is more economical than the pait method 
both in learning and in retention. Exceptions, however, have been found 
by those who favor this conclusion, and Reed (1924), Winch (1924), 
and Pechstein (1917) have prCsSented definite experimental evidence in 
favor of the part method. Let us, therefore, examine briefly some of the 
experiments bearing upon the problem. 

Steffens’ work was carried out with poetry and nonsense syllables. 
The subjects, when alWed to study the material without definite 
instructions, followed a part method in which they studied a few lines, 
then added a few more lines, and repeated the first ones. Diifficult 
passages were frequently and slowly read. When this normal method 


was compared with the whole method, the former required an average 
of 9 per cent more time for learning than the latter. With nonsense 
syllables,^ the normal method was superior for the first 10 days’ work; 
but during the last 24 days this was reversed. An experiment was 
•conducted where the subject learned three eight-line stanzas daily. One 
half of a stanza was mastered, then the second half, and finally the 
whole was read and mastered. On the average this method was inferior 
to the whole method by 63.6 sec. and by 1,6 trials. The work continued 
for 16 days. ^ On only one of these days was the part method superior. 
When the stimulus material was presented on a rotating drum so that 
the exposure time during learning was the same for both methods, the 
whole method had an advantage of three trials. 

Larguier des Bancels (1901) confirmed Steffens’ work and added the 
fact that the whole method of learning is more favorable for the retention 
•of poetry than is the part method. This finding for retention was con- 
firmed by Pentschew (1903), who found, however, that with children the 
part method was slightly superior both in learning and relearning when 
nonsense syllables were used. _ Pentschew also found that where the 
whole method was superior in number of repetitions required the 
part method often had the advantage from the standpoint of time 
consumed. Pyle and Snyder (1911) extended the problem to longer 
selections of poet^ and report as follows: “. . . .without any exception, 
the method of the whole is more economical than is the part-method, 
and . . .the saving is much greater in the case of the long units, which 
required more than one sitting. The greatest saving in the short units 
was about 1 1 per cent, in the 20-line and the 50-Hne units. In the larger 
units the saving was about 20 per cent, in one 60-line test and 22 per cent, 
m the other 7 per wnt. in the 120-linc test and 20 per cent, in the 240- 
line test ( 1 9 11 , ^ ] 38 ) . Lakenan ’s work 0913), carried out with pro.se 
material, verified Pyle and Snyder’s findings on the length of material and 
gave evidence that subjects who at first learned or retained better by the 

practice, gave better results by the whole 
method. Ephrussi (1904), using recall with adult subjects, found the 
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whole method superior to the part method except for nonsense syllables 
and vocabularies; but the later experiments of Neumann (1907) and of 
Brown (1924^) give the superiority to the whole method when vocabulary 
material is used. Crafts (1929), in a study of card sorting, found the 
whole method of learning superior to the various part methods. Where 
a substitution test was used (1930), however, no reliable differences be- 
tween the methods were found. 

We come now to the consideration of the work which is less favorable 
to the whole method. Winch, working with 38 school children, organized 
two groups of subjects of equal age and of equal ability as judged by 
their performances in preliminary learning tests. One group learned 
poems by the part method, and the other, by the whole method. In 
the former case the subject was instructed to learn a line at a time until 
one stanza was mastered. After the first stanza was learned, the 
second was begun. The first two stanzas were than repeated until they 
could be recalled correctly, and a new unit was then learned. Sample 
results are shown in Table 4, and Winches comments upon the work are 
as follows: “There is a differential advantage of 26 per cent, in the four 
final tests in favor of the part method: this differential advantage falls 
to per cent, in the case of Dora [one of the poems] and rises to 52 
per cent, for the SeagulV^ (1924, p. 70). In this and other experiments 
by Winch, the part method tends to be superior when the material to 
be learned is short, or markedly disjointed and rhymed. 

Reed (1924), also working with poetry and using 113 college students, 
states that the whole method was superior for only 26 students. Thirty- 
one students did best with the pure part method in which stanzas were 
learned separately and then as a whole. Fifty-six students did best with 


TABLE 4 

Whole vs. Part Methods in Learning Poetry 
(From Winch) 


N 

Age 

Total marks in Total marks Marks for Marks for 
preliminary tests m exper. Dora Seagull 

19 

n yrs* 8 raos. 

Results by the Part Method 
273 279 173 

125 

19 

11 yrs. 7 mos. 

Results by the Whole Method 
273 222 164 

82 


a progressive part method in which stanza 1 was learned, then stanza 
2, then 1 and 2, then 3, then the first three together, etc. * 

Pechstein (1917) compared maze learning by the whole method with 
that by several varieties of the part method, using as subjects both 
white rats and college students. The maze was constructed of four 
well-defined parts which could be learned independently one of the other. 
The part methods of training adopted were as follows: (1) Pure part. 
(2) Progressive part.^ (3) Direct repetitive, where part 1 was first 
learned, then the subject ran through this part and on into part 2. 
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TABLE 5 

Whole vs. Part Learning for Rats and Human Subjects 


(From Pechstein) 


Method No. 

of rats 

Av. trials 

Av. time 
sec. 

Av. total 
errors 

Progressive 

part 

9 

11 

662 

65 

Reversed 

repetitive 

8 

17 

882 

76 

Direct 

repetitive 

11 

21 

1442 

142 

Whole- 

returns prevented 

9 

30 

1666 

111 

Pure part 

9 

30 

1907 

199 

Whole- 

returns allowed 

12 

27 

4174 

217 

Method No. of 

Av. trials 

Av. time 

Av. total 

human subjects 


sec. 

errors 

Progressive 

part 

6 

10 

352 

57 

Direct 

repetitive 

6 

11 

00 

96 

Whole- 
returns allowed 

6 

12 

641 

126 

Whole- 

returns prevented 

6 

17 

541 

81 

Reversed 

repetitive 

6 

22 

1014 

226 

Pure part 

6 

23 

1220 

237 


When this was mastered, part 3 was added to parts 1 and 2, after 
which part 4 was added in the same manner, (4) Reversed repetitive. 
In some of the experiments by the whole method the subject was allowed 
to retrace as much as he would. In other experiments the amount of 
return permitted was no ^^reater in the whole method than in the part 
method. Table 5 summarizes some of the results secured. The number 
of subjects in each group is too small to make the averages dependable, 
and the records undoubtedly have a low reliability. As the results stand, 
however, the progressive part and the direct repetitive part methods are 
superior to the whole method for both groups of subjects. For the rats 
the whole method with returns permitted, which is the usual method 
followed in maze experimentation, is the least efficient. In a later study 
with nonsense syllables, Pechstein (1918) found the whole method in- 
ferior to the various part methods, the progressive part method being the 
best. 

Our brief analysis of the problem of whole versus part learning can 
lead only to the conclusion that in some way as yet undetermined learn- 
ing and retention are influenced by the whole versus the partial presenta- 
tion of the stimulus series at each trial. Which method will prove most 
advantageous will probably vary with the character of the stimulus 
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material, with the individual subject experimented upon, with the sub- 
ject's age, with the amount of training which he has had, and with 
other as yet undetermined factors. We cannot generalize and say without 
qualification that either method is superior to the other. 

The Distribution of Effort 

The problem of the distribution of effort concerns the influence upon 
learning and retention of the introduction of rest periods between each 
two successive periods of practice. In the study of this problem we may 
vary the length of the periods of rest while keeping the magnitude of the 
work periods constant, or the conditions may be reversed. In the first 
instance the period of work may consist of one trial in the maze and the 
rest periods may be of one, two, and three days. One group of subjects 
would work for one trial per day; one, for one trial every two days; 
and one, for one trial every three days. In the second instance one group 
of subjects would have one trial per day; another group, two trials per 
day; and a third group, three trials per day. 

Many investigators, beginning with Ebbinghaus, have contributed to 
the solution of this problem. The experimental findings indicate that, 
within limits, learning is accomplished with less work when practice is 
distributed than when it is concentrated. This principle is drawn from 
experiments upon a great variety of problems: maze habits, problem 
boxes, verbal material, archery, and arithmetic. Ebbinghaus used nonsense 
syllables as the learning material. His results, secured with himself 
as subject, are as follows: Six lists of 12 nonsense syllables each were 
learned at a given time with an average of 410 repetitions. Twenty- 
four hours later the relearning of the lists required an average of 41 
repetitions. One list therefore required 68.3 repetitions in immediate 
succession for initial learning and 6.8 repetitions for relearning. When 
on the other hand a list of 12 syllables was learned to the point of one 
correct recall on each of three successive days, the total figures for 
the three days of distributed effort are 17.5 trials, 12.1 trials, and 8.3 
trials, or a total of 37.9. Twenty-four hours later, the 12 syllables were 
relearned, on the average, in 6.2 trials. Thus 37.9 repetitions distributed 
over three days gave essentially the same retention after 24 hours as did 
68.3 repetitions in immediate succession, 

Jost (1897) made a more thorough study of the same problem. He also 
found that concentrated repetitions of the responses to be mastered gave 
a poorer retention than did the same number of repetitions distributed 
over a number of days. This was true when retention was tested by 
the relearning method of Ebbinghaus and also when tested by the method 
of reinstatement. Jost was also able to show that the explanation of the 
greater effectiveness of the distributed work did not lie in the lesser 
fatigue that might accompany the shorter periods of work. 

The greater effectiveness of distributed work can also be shown in the 
curves of learning; Starch (1912) had 42 subjects divided into four 
groups work on a problem of digit-letter substitution. “The first group 
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worked ten minutes at a time twice a day for six da^s. The second group 
worked for twenty minutes at a time once a day for six da^s. The third 
group worked forty minutes at a time every other day for six days. And 
the fourth group did the entire task at one continuous sitting. In each 
case the total time was 120 minutes” (1912, p. 211). Figure 10 shows 
the degree of skill in the substitution for successive five-minute intervals 
of work. There is very little difference between the 10-minute and the 
20-minute groups, but the 40-minute group is decidedly inferior, and the 
group that did all of its work at one sitting made the worst record of all. 

Two important studies of the effect of distributed effort on the learn- 
ing of infrahuman animals have been made by Ulrich (1915) and Warden 
(1923). Ulrich tested white rats with one, three, and five trials daily 
on a problem in which they had to lift a latch in order to enter a box 
and secure food. Tests were also made with a maze and with an inclined- 
plane box. From the distribution tables which record both the number 
of trials and the number of days required to perfect the habits under the 
several conditions, the general conclusion can be drawn that the less 



FIGURE 10 

The Effect of Different Distributions of Effort on the Learning Curve 
The ordinate values represent achievement; the abscissa values, successive 
five-minute periods. 

(From D. A. Starch’s 'Teriods of Work in Learning,” J, Educ. Psy^choL^ 1912.) 
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FIGURE 11 

The Effect of the Distribution upon the Number of D\ys and the Number 
OF Trials Required by Rats To Master a. Problem Box 
(From J. L, Ulrich’s “Distribution of Effort in Learning in the White Rat,” 

Beha«v. Monog., 1915.) 

frequent the trials the more economical the learning when measured by 
total trials, but the less economical when measured by the number of 
days required. Figure 11 presents one of Ulrich’s distribution curves. 

Warden’s work was conducted on a maze. Table 6 gives the average 
number of trials required by the various groups to reach a degree of 
mastery where nine trials out of ten were without error. The table indi- 
cates that four groups were trained with one trial per day where the 
length of the interpolated interval varied from six hours with one group 
to three days with another group. The results suggest that the interpola- 
tion of a 12-hour rest period is the most efficient, whether it occurs after 
1, 3, or 5 trials. Furthermore, one trial is preferable to a sequence of 
three or five trials under all conditions here represented. Warden’s ex- 
periment indicates clearly the method of determining the optimal combina- 
tion of length of interval and amount of practice for the acquisition of 
any stimulus-response coordination. However, the size of the M.D.’s in 

TABLE 6 

Effect of Length and Frequency of Interval upon Maze Learning Stated 
IN Terms of the Mean Number of Trials Required for Mastery 
(From Warden) 

Length of interval Frequency of interpolated interval 

After 1 trial After 3 trials After S trials 



Trials 

M. D. 

Trials 

M. D. 

Trials 

M. D 

6 hrs. 

45. 

12. 

62.4 

11.1 

74.1 

17.5 

32 hrs. 

36.8 

9.7 

54.8 

12.1 

63.6 

11.4 

1 day 

46.4 

13.1 

65.4 

18.4 

86.1 

XS.2 

3 days 

71.9 

13.5 

91.1 

24.2 

86.1 

18.4 

5 days 



129.7 

26. 

107.1 

20.7 
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Table 6 and the low reliability of the maze make us cautious in accepting 
the data of this table at their face value. 

Carr (1919) in work with a stylus maze and Cummins (1919) in ex- 
periments with a French-English vocabulary have shown that the effect of 
the distribution of effort varies with the point in the learning process at 
which the distribution is introduced. Carr finds that rest periods inserted 
in the first trials are more effective in reducing the total error score than 
if introduced in the later trials. Cummins’ work indicates the desirability 
of short re^t periods during the initial stages of learning and of longer 
intervals in the final stages. [See Ruch (1929) for a general survey of 
the problem of distributed effort.] 

Various theories have been proposed to account for the increased effi- 
ciency in learning and retention that comes with the distribution of effort, 
Muller and Pilzecker’s doctrine of perseveration, which they elaborated 
in connection with the effect of interpolated work upon the retention of 
previously learned coordinations, has been applied also as an explanation for 
the present phenomenon. According to this hypothesis, the neural pro- 
cesses involved in behavior persevere for an appreciable interval of time 
after the behavior ceases and so are better retained if allowed to set without 
interference. This is a purely hypothetical explanation and one, more- 
over, which it is difficult to reconcile with the apparent fact that efficiency 
varies both with the length of the interpolated rest interval and with 
the quantity of work done during the work intervals. Lashley (1917, 
1918) has suggested that there may be no general and fundamental law at 
the basis of the increased efficiency, but that specific factors, varying with 
the specific responses studied, may account for the results. As a concrete 
example he has been able to show, with rats learning the maze, that 
•concentrated trials make for less diversity in behavior than do distributed 
trials, i.e., that with concentrated trials the same errors tend to be 
repeated to a higher, degree than with distributed trials. In addition 
Lashley has the following comment to make: “In other forms of learning 
there are many agents such as fatigue and loss of interest in long practice 
periods which may interfere with efficient performance and so prolong the 
apparent learning time, while with verbal habits the possibility of practice 
outside of the experimental practice periods has not been altogether elim- 
inated where short practice periods were used” (1918, p. 366). 

Age and Learning 

As the human individual passes from infancy through adolescence and 
maturity to senescence, his apparent ability to cope with environmental 
difficulties changes. Our present problem concerns the possible influence 
of the age factor itself upon these changes. If it can be shown by 
careful experimentation that learning performance does vary with age, 
the phenomenon may be due either to intrinsic factors of neural growth 
and decline operative during the organism’s life-history or to such extrinsic 
factors as habits which facilitate or impede learning and socio-economic 
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conditions whose variations during the individual’s lifetime may cause 
significant changes in the motivating processes involved in learning. 

Our first problem is one of fact. Let us therefore inspect briefly some 
of the more important experimental studies of the problem. Hubbert 
(1915), Liu (1928), and Stone (1929) have studied maze learning with 
white rats belonging to various age groups. Hubbert used the Watson 
circular maze with a camera lucida attachment (Figure 12), which made 
possible the accurate recording of the pathways followed by the subject. 
Table 7 summarizes her findings. Hubbert says: ''Young rats learn the 


TABLE 7 

Averages Required for Mastery of Maze 
(Based on Hubbert) 


Age 

Trials 

Time in min. 

Distance in meters 

25 days 

11 males 

32 

21.2 

277 

16 females 

29 

23.1 

267 

all 

30 

22.4 

271 

Range of score 

14-51 

6.4-64 

139-418 

65 days 

16 males 

26.8 

19.2 

228 

11 females 

36.5 

25.7 

307 

all 

30.7 

21.8 

260 

Range of score 

14-65 

6.4-73.1 

91-750 

200 days 

15 males 

39.4 

25.2 

296 

13 females 

44.5 

46.5 

388 

all 

41.7 

35.1 

339 

Range of score 

14-112 

8.2-94.9 

125-912 

300 days 

13 males 

40.4 

73.3 

344 

15 females 

41.3 

75.2 

380 

all 

40.7 

74.3 

367 

Range of score 

14-78 

15.9-227.3 

117-723 


maze more rapidly than the old ones, the rapidity with which the habit 
may be formed decreasing with increase in age” (1915, p. 54)* An in- 
spection of the table of results, however, reveals a large overlapping of 
the records made by the various age groups, which are also small in num- 
ber of subjects; and Patenson (1917) has pointed out the statistical in- 
adequacy of the data to support such a conclusion. Hubbert also says 
that the most rapid improvement comes earlier in the learning process 
for younger than for older animals. This is not supported by Stone’s 
later and more careful work, 

Liu’s investigation was conducted with rats of 30, 45, 60, 75, 100, 
150, and 250 days of age. Table 8 shows the mean trial, error, and 
time scores for the different groups in learning one of Carr’s mazes. It 
would appear from the data of this table that ability to master the maze 
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FIGURE 12 

The Watson Circular Maze with Camera Lucida Attachment 
«(From J. B, Watson’s Circular Maze with Camera Lucida Attachment,” 
/, Anim, Behav,, 1914*) 
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TABLE 8 


A Summary of Liu’s Data on Ace and Learning in the Rat 


Age 

No. of animals 

Av. trials 

Av. total time 

Av. total errors 

30 days 

40 

53±2.3S 

1182±50.31 

170±7.01 

45 ** 

24 

48±3.08 

n55±71.66 

151±8.12 

60 ** 

24 

39±2.94 

1054±73.96 

145±9.79 

75 “ 

43 

25±1.34 

664±30.13 

69±2.46 

100 “ 

25 

29±2.28 

859±S8. 

83±5. 

150 ** 

25 

31±1.88 

976±72.8 

85±5. 

250 “ 

25 

40±5.37 

1542±89.6 

137±10. 


increases with the age of the rats from 30 to 75 days and decreases 
thereafter. The results are much more definite than Hubbert’s, and yet 
they are not convincing. It is impossible to tell whether they are the 
result of the accidental selection of animals, of the unreliability of the 
maze, or of a faulty control of incentives in the various age groups. We 
shall present below a quotation from Stone bearing upon the significance 
of this latter factor. Let us turn then to a consideration of Stone’s ex- 
perimental findings. 

He used three different problems: an inclined-plane box, a modified 
Carr maze, and a multiple-T maze. The last problem gives the most 
dependable results, and it is from this one that we shall draw illustrative 
data. Rats of four different life-periods were used: 31 days, about half- 
way from infancy to puberty; 56 days, about mid-puberty; 456 days, about 
mid-life; and 730 days, somewhere between mid-life and senescence. 
Figure 13 shows typical results in terms of the elimination of errors during 



FIGURE 13 

The Elimination of Errors in a Maze by Rats op Four Different Age Groups 
(From C. P, Stone’s ^*The Age Factor in Animal Learning: L Rats in the 
Problem Box and the Maze,” Genet. Psychol Monog., 1929.) 
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30 trials. These results were all secured from rats whose diet was care- 
fully controlled through its elfect upon the rats* body weights. All age 
groups worked with as high a degree of hunger incentive as dietary re- 
strictions could give. From the figure it is clear that no difference in the 
progress of mastery can be correlated with the different ages of the sub- 
jects. (Curves on the Vincent-Kjerstad plan w’ould be more desiiable 
from the standpoint of group comparisons. However, as we shall soon 
see, Stoce*s data in general fail to show any clear effects of an age factor, 
and Vircent curves which I have constructed from data supplied by Stone 
also shew no age effects.) The number of trials required for mastery 
likewise fails to show significant age differences. The following 
statement by Stone is so important for the study of such differences, 
and aso for other problems involving the maze, that I quote it 
at sone length: “Striking would have been the apparent age difference 
obtai’^d, if in a single experiment we had motivated young 
animds [strongly and the middle-aged groups less strongly]. In 
that ase, the obtained results would have shown statistically significant 
inferority in error scores for the two middle-aged groups and even would 
haveyielded slightly inferior results for the older of the two middle-aged 
groios. With the prevalent rule of thumb and non-uniform methods of 
motvating animals by different experimenters working in the field of maze 
stuies, the foregoing hypothetical case is not at all far-fetched. In fact, 
tt ' exactly the result that an experhnertter using present-day techniques 
iS iost likely to obtain, because, in the absence of adequate growth norms 
fo the diet used, it is ?nuch easier to overlook the fact that young animals 
%v'h constant weight increase luhde on the maze experiment may actually 
hi subjected to a greater degree of chronic inanition than mature animals 
Vtiich are held at maintenance or allowed to increase or decrease slightly 
1 , weight, . . . Age differences in maze records obtained under any condi- 
gn in which either group is not exercising its maximum learning ability 
isay be regarded with suspicion of being spurious, whatever their direction, 
until a scientific method of equating the motivation of different groups 
has been devised. Likewise, it is equally important that similarities in 
maze performances of rats not held to the maximum of their ability be 
regarded with suspicion of being spurious unless evidence of a less equi- 
vocal nature may be brought to bear upon the case in question** (1929, 
pp. 103-105).^ 

With the failure to demonstrate variations in learning ability with age 
in rats, we are left without a factual basis for the hypothesis that the 
plasticity of the nervous system varies with age. With the rats we are 
able to control the amount and character of the habits established prior 
to the experimental study in a way that is impossible with human subjects. 
We are thus with animal subjects in a highly advantageous position for 
discovering any intrinsic change in neural plasticity which might be 
present. With human subjects, when differences in the learning perform- 
ance^ of individuals of different ages are found, it is impossible to separate 
the influence of previously established habits from the possible influence 
of a neural plasticity. 
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Let us consider briefly certain of the findings where human subjects 
have been used. In the section on Reminiscence we shall see some evi- 
dence that the recall of imperfectly learned response is partly i function 
of age. Thorndike and his colleagues (1928) have made the mosi extensive 
study of different adult age groups, and numerous investigators have con- 
firmed the popular impression that the ability to form habits improves 
during childhood. Thorndike presents Figure 14 as a fair generalization 



*‘The General Form of the Curve of Abilott To Learn in Relation to /ge’^ 

IN Human Subjects 

(From E. L, Thorndike’s Adult Learning, 1928, by permission of the publishtrs, 
Macmillan Co., New York.) ^ 

of the relation of age to learning in human subjects* His own data coa- 
cem adults whom he has tested with a great variety of learning problem 
such as substitution tests, writing with the wrong hand, learning to typt- 
write, learning Esperanto, mastery of school subjects, and learning to rt- 
spond to four signals with four simple acts. In this latter experiment 
12 subjects ranging in age from 20-24 years were compared with 12 sub- 
jects over 35 years of age (average age, 42), the two groups having about 
equal ability on the CAVD behavior test. [See Thorndike (1926) for a 
description of this test.] The subjects were blindfolded and instructed to 
draw a line 3, 4, 5, or 6 inches long. Six hundred such lines were drawn 
by the subject while ignorant of the accuracy of his performance. Then 
for seven days, the subject drew 600 lines per day and was told each time 
whether the response was right or wrong. After this came a third test 
in which the subjects drew 600 lines without being told whether the lines 
were right or wrong. In the first period there was no essential difference 
between the age groups. In the last part of the seven days* work, how- 
ever, the old scored only 83 per cent as much as the young, and in the 
third test only 70 per cent as much as the young. Although the num- 
ber of subjects is small, the results are in harmony with those derived 
from Thorndike’s other work. The results are chiefly significant because 
the Hnd and amount of previous specific training possessed by the various 
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subjects can hardly have influenced the relative performance of the two 
groups. Differences in motivation and in the adjustments of the two 
groups to the social aspects of the experimental situation, however, remain 
as possible explanatory factors. 

TABLE 9 

Summary of the Relation of Age to Ability To Learn 
(From Thorndike) 

U, university group; P, prisoners; Jfi, evening-high-school students; 

S, students in secretarial schools 


Group 

Ability 

Gain in score 
Y 

20-24 yrs. 25-34 yrs. 

Percentage 

which 

0 0 is of y 

35 yrs. Sc over 

U 

Drawing lines 

Wrong hand writing 
Substitution (words) 
Learning code 

Esperanto 

Learning nos. to lit 
nonsense syllables 
University studies 

57 

28.0 

10.4 

31.5 

21.9 

51 

27.9 

8.3 

26.3 

18.2 

41 

22.8 

6.3 

24.7 

14.0 

64 

72 

81 

61 

79 

64 

over 100 

P 

Substitution (digits) 

9.0 

9.2 

9.4 

104 


Elementary school 
subjects 

100 

100 

$8 

88 


Addition practice 

5.0 

46 

4.8 

96 

H 

Algebra, Civics, English, 

etc. 


87 for 30 or over 

S 

Typewriting 

Learning stenographic symbols 


95 for 30 or over 
100 for 30 or over 


Table 9 from Thorndike summarizes the results of his experiments. 
Thorndike comments upon this table as follows: ‘The facts of table [9] 
in general are fairly consistent with the hypothesis that the old are con- 
siderably inferior to those around 22 in general basic modifiability but 
compensate for this inferiority somehow (probably by better appreciation 
and organization and use of what is learned, possibly by greater interest) 
when learning typewriting or stenography or school studies. . . . The 
general tendency from all our experiments is for an inferiority of about 
15 per cent as a result of 20 years from twenty-two on. Learning repre- 
senting an approximation to sheer modifiability unaided by past learning 
[the line-drawing experiment] shows considerable more inferiority than 
this. Actual learning of such things as adults commonly have to learn 
shows considerably less’* (1928, pp. 104 and 106). 

Two different stories of the relationship of age and learning are told 
by the animal experimentation by Stone and the human tests by Thorn- 
dike. Even though practical learning situations give the curve of Figure 
14' for human ability, there are too many factors involved other than those 
of neural development and regression to enable us to infer that these 
latter factors exist and are responsible for the shape of the curve. Thorn- 
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dike distinctly recognizes such possibilities as the awkwardness of adults 
in certain social situations, the difficulty of securing the adult’s complete 
cooperation, and the inhibiting effects of habits and customs. One cannot 
argue directly from rats to men, but, until experiments upon man have 
been carried out with an equating of incentive and previous relevant 
training for the various age groups, we must remain skeptical of the role 
of intrinsic neural changes as a causal factor in those learning problems 
which the various age groups can all undertake. 

The Relation between Speed of Learning and Retention 

The experimental investigations of this problem indicate not only that 
the responses first learned are best retained but also that the individuals 
who learn most rapidly also tend to make the best records in retention 
tests, 

Woodworth (1914) conducted an experiment using 20 words of an 
Italian-English vocabulary as the stimulus material. After the subject had 
read the list once, the experimenter gave the Italian words as stimuli and 
the subject was to respond with the English equivalent. From 3-5 sec. 
were allowed for each response, and the subject was prompted and cor- 
rected when necessary. This training was continued until each correct 
response was given once. As soon as an Italian-English combination was 
learned to the point of one correct recall that pair of words was dropped 
from the list (to prevent overlearning), and the training was continued 
with the remaining pairs. When all had been learned, the entire list was 
again presented once. After an interval of 2-20 hours the Italian words 
were presented singly and the recall score for the corresponding English 
words was determined. The results were as follows: 


Of the pairs learned in 

X readinRs 

y per cent were 
retained 


X 

y 


1 

73 


2 

72 


3 

63 


4 

58 


* 5 

38 


6-11 

27 



A part of this decrease in retention with increased difficulty of learning 
might be due to differences in the associative responses called out by the 
various words. Woodworth, however, reports that when only words not 
so supplemented are considered the relationship between speed of learning 
and excellence of retention remains the same. 

Important work on the retention of learned material by individuals who 
learn quickiv and bv those who do not has been carried out oarticularly 
by Norsworthy (1912), Pyle (1913), and Lyon (1916). Norsworthy, 
using 83 subiccts and a German-English vocabulary of 1200 words, found 
that the quicker the learning, the better the retention. In this experiment 
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the amount of time during which the subjects worked was kept constant, 
and the speed of learning was shown by the number of correct responses 
which the subjects learned. A high positive correlation (0.41-0,50) 
was found between the number of responses learned and the number that 
could be correctly reinstated. It was also found that the subjects who 
learned over 700 word responses (the quick learners) had a better rela- 
tive retention score than did those (slow) learners who mastered only 
33 word responses. 

Lyon’s work was carried out with three methods: In method 1 the 
subject learned the required responses and, after an interval of delay, 
attempted to reinstate as many as possible without having had the original 
material represented. Method 2 immediately followed method 1. The 
stimulus material — ^words, digits, nonsense syllables, or prose — ^was again 
presented once, and the subject was then asked to reinstate the appropriate 
responses. Method 3 immediately followed method 2. In this case the 
stimulus material was again presented to the subject, and a complete re- 
learning was required. The chief defect in Lyon’s method seems to lie in 
his lack of control of the learning periods. In place of rigidly controlling 
the amount of time and the number of trials required for mastery, he 
permitted the subjects to study until they were certain that they could 
reinstate the required responses without error. This method certainly 
resulted in a variable and undetermined amount of overlearning. Table 
10 shows results based upon the records of 24 normal-school seniors who 
were divided into two groups (upper and lower halves) on the basis of 
the quickness of initial learning. 

An examination of this table shows that the quicker half of the learners 
was superior in retention to the slower half with all materials when 


TABLE 10 

Relation of Speed of Learning to Retention 
(From Lyon) 


Materials Subjects 

Method 1 Method 2 

% reinstated % reinstated 

Av. learn- 
ing time 

Method 3 
Ay. relearn- 
ing time 

% saved 

Digits 

quicker half 

27 

34 

5.5 

2.0 

63 

slower half 

22 

36 

15.0 

4.0 

71 

Nonsense 

syllables 

quicker half 

26 

44 

24.1 

6.5 

71 

slower half 

21 

36 

38.0 

12.1 


Words 

quicker half 

23 

44 

10,0 

5.5 

40 

slower half 

20 

35 

14,8 

5.7 


Prose 

quicker half 

59 

80 

14.3 

4,8 

68 

slower half 

U 

67 

27.3 

9.1 


Poetry 

quicker half 

59 

73 

7,0 

2.8 

61 

slower half 

40 

57 

14.5 

5.2 

65 
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method 1 was used. With method 2 the slower learners surpassed the 
quicker learners in the case of digits only. With method 3 the slower 
learners retained more in the case of digits, words, and poetry than did 
the quicker learners. Lvon also calculated coefficients of correlation 
between learning and relearning. Although clear-cut relationships were 
not generally demonstrated, the results favor the conclusion that quick 
learning is accompanied by good retention. 

Numerous studies ha\’e been made of the relation between the amount 
learned, as measured by a test of recall immediately after learning, and 
the amount retained at some later time. These studies have shown a posi- 
tive correlation between immediate and delayed recall which may be as 
high as 0.82, found by Winch (1924), or 0.71, found by Gordon (1925), 
The score for immediate retention, however, can represent speed of learn- 
ing only where the learning occupies a constant period. This condition is 
fulfilled in Gordon’s study, and the coefficient of 0.71 may be regarded 
as an indication of the relationship between speed of learning and re- 
tention. Brown (1924^7), also working with a constant time period for 
learning, finds positive correlations between speed of learning and reten- 
tion. Brown believes “that a positive relation is normal and that when 
conditions are favorable the correlation is very close between amount 
learned and amount retained.” This point of Brown’s is further brought 
out by the fact that the methods of stimulus presentation, e.g., the dis- 
tribution of stimuli as opposed to their concentration, which favor learn- 
ing also favor retention. 

The Influence of Active and Passive Recall upon Retention 

In the ordinary experiment upon the learning of verbal habits, the sub- 
ject is instructed not to practice on the problem between trials, i.e., not to 
attempt to reinstate the verbal responses except when the stimuli are pre- 
sented by the experimenter. Obviously such active recall will affect the 
rate of learning. If erroneous responses are made, thev will tend to retard 
learning; and, if correct responses are made, they will facilitate learning. 
In any case the experimenter would not have a record of what responses 
had been made and so would not be able adequately to interpret the 
results. 

The topic of our present discussion raises a slightly different aspect of 
the problem of repetitions not controlled by the experimenter: Does the 
active^ reinstatement of responses have a more advantageous effect upon 
learning than passive reinstatement? The terms active and passive are 
not aptly chosen to designate the experimental facts, but our descriptions 
of experimental procedures will show that active reinstatement occurs in 
the absence of the stimulus material and that passive reinstatement occurs 
in response to the presentation of that material. Reading and recitation 
are other terms used to designate the same phenomenon. The investiga- 
tion of recall with and without the aid of the stimulus was begun in 1907 
by Witasefc (1908) and continued particularly by Katz^aroff (1908), 
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Kiihn (1914), Knors (1910), Gates (1917), and Skaggs (1920). Al- 
though the experimental methods used by these investigators have varied 
greatly, their results justify the general conclusion that under certain con- 
ditions the reinstatement of a response, without the aid of its usual stim- 
ulus, aids learning more than a reinstatement called forth by the presenta- 
tion of that stimulus. 

Gates’s work, the most complete recent investigation of the problem, 
was carried out upon large numbers of school children and a few adults. 
The material to be learned was either nonsense syllables or consecutive 
verbal material patterned after the biographical sketches in PFhos Who. 
Table 11 shows the vaiious combinations of active and passive recall 


TABLE 11 

Methods Used by Gates in the Study of Reading and Recitation 


Method 

Time of reading 

Time of recitation 

% reading % recitation 

1 

9 rain. 

0 

100 

0 

2 

7 rain. 12 sec. 

1 min. 48 sec. 

80 

20 

3 

5 min. 24 sec. 

3 min. 36 sec. 

60 

40 

4 

3 min. 36 sec. 

5 min. 24 sec. 

40 

60 

5 

1 min. 48 sec. 7 min, 12 sec. 

With biographical sketches method 6 

20 

was added 

80 

6 

54 sec. 

8 min. 6 sec. 

10 

90 


f recitation and reading) utilized with school grades 4, 6, and 8. In 
method 1 the subjects read the material for 9 minutes. In method 2 the 
reading occupied the first 7 mins, and 12 sec. of the study period, and the 
final 1 min. and 48 sec. was devoted to recitation. When the subject 
recited, he did so quietly and to himself. He was instructed to glance at 
the material to be learned onlv when he was otherwise unable to reinstate 
the appropriate responses. The remaining methods of the table are to be 
similarly understood. At the close of the 9 minutes of work by each 
method, the subject was asked to write down as much of the material as 
possible. These records were then scored by a conventional method. 

Table 12 is based upon nonsense material and shows the average scores 
and their P.E.’s for each of the five methods. These results indicate that 
as the amount of recitation increases, within the limits tested, the average 

TABLE 12 


Average Score for Each of Three Grades for the Various Methods Using 

Nonsense Material 
(From Oates) 


Method 


1 

2 

3 

4 

5 

Grade 8 

Av. 

16.92 

23.S6 

25.79 

27.28 

35.51 


P.E. 

0.61 

0.69 

0.65 

0.«fi 

0.86 

Grade 6 

Av. 

13.21 

20.18 

22.64 

25.15 

30.52 


P.E. 

0.61 

0.84 

0.60 

0.91 

1.07 

Grade 4 

Av, 

9,45 

12.00 

16.10 

16.95 

20.03 


P.E. 

0.57 

0.46 

0.56 

0.75 

0,79 
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TABLE 13 


Average 

Score for 

Each 

OF Four Grades for the Various 
Biographical Material 
(F iom Gates) 

Methods 

Using 

Method 


1 

2 

3 

4 

5 

6 

Grade 8 

Av. 

20.77 

22.39 

24 84 

24.95 

25.28 

23.75 


P.E. 

0.72 

0.87 

0.70 

0 69 

0.50 

0.82 

Grade 6 

AV. 

15.13 

16.55 

18.01 

17.70 

17.77 

16.63 


PE. 

0.75 

0.59 

0.69 

0.68 

0,82 

0.68 

Grade 5 

Av. 

11.79 

13.95 

15.21 

15.96 

15,33 

15.74 


P.E. 

0.40 

0.43 

0.48 

0.56 

0.50 

0.5 7 

Grade 4 

Av 

14.61 

16.91 

16.36 

18.81 

17.62 

17.21 


P.E. 

0.77 

0.78 

0.86 

0.77 

0.70 

0.7: 


recall also increases. Table 13 is based upon biographical material. The 
results indicate that for all four grades the efficiency of recall increases 
up to a certain point, with the increase in the amount of recitation, and 
declines after that. Of the six methods employed no, 5 is the most 
advantageous for grades 6 and 8, and no. 4, for grades 4 and 5. Where 
an interval of from three to four hours elapsed before the subjects were 
required to write down the material, similar results were secured; but 
there was a greater difference between the worst and the best methods than 
was found for immediate recall. 

Gates’s results indicate that a larger and larger amount of recitation 
relative to reading when inserted earlier and earlier in the learning period 
significantly affects the efficiency of work. Various explanations have 
been offered for this general phenomenon. It seems probable that recita- 
tion as here conducted derives its advantage from the opportunity which 
it affords the subject for correcting his errors and from the fact that 
during recitation the subject is practicing the type of response which he 
will be required to make finally, viz., the recall of the learned material 
without dependence upon the text. This latter point is particularly well 
supported by the work of Katzaroff (1908), who used the paired-associates 
method of recall both for the recitation and for the final test of retention. 

In spite of the fact that careful laboratory investigations of this problem 
reveal that the proper introduction of recitation into the study period 
is advantageous to learning, the extension of these conclusions to 
the schoolroom is not justified. It may well be that a detailed and 
accurate scoring of returns from a carefully controlled laboratory experi- 
ment will reveal advantages of certain methods of work and yet all 
of these advantages may either be lost in the hurly-burly of schoolroom 
conditions or fail to be reflected in the rough scoring methods applied 
by teachers. Furthermore, the tables show that recitation aided the 
mastery of the biographical material less than it did the nonsense material. 
This fact we get by comparing the difference in score between the poorest 
and the best methods for each material. Thus for nonsense syllables the 
poorest method was no. 1 and the best was no. 5, which was 100 per 
cent or more better than no 1. In grade 8 for biographical material the 
best method is only about 20 per cent better than the worst. 
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The Influence of Activity upon the Retention of Previously 

Established Habits 

Let us assume that a subject has been trained for any given number 
of trials on a problem like repeating nonsense syllables or running a maze. 
During this training certain changes have been set up in his nervous 
system in virtue of which his behavior is different at the end of the 
training from what it was at the start. If training is now disScontinued 
on the problem, as time passes, the subject shows less and less of th<* 
effects of his training, no matter what method of testing retention we 
use. Recall becomes impossible; the subject can no longer distinguish 
between the material on which he was trained and new material (the 
age of stimulus method) ; and even the relearning time shows no saving 
over that of the original learning. Theoretically such a loss of retention 
might be brought about merely as a result of the lapse of time, as a 
result of the metabolic processes in the body whereby the neural changes 
set up by training would gradually fade away. In order to prove that 
lapse of time itself brought a loss of retention, it would be necessary to 
conduct an experiment in which the influence of the activities interpolated 
between the original learning and the later test of retention could be 
ruled out as explanatory factors in the loss. The conventional method 
of conducting an experiment upon the influence of interpolated activities 


is as follows; 

Experimental group 

Control group 

Training on habit no. 1 

Rest, i.e., no activity 

Retest of habit no. 1 

Training on habit no. 1 
Interpolated work 

Retest of habit no. 1 


It is impossible, however, in a living organism to have a period of “no 
activity.^' All that we can do experimentally is to vary the character 
and amount of the activity which is interpolated between the original 
learning and the retest period and to study the influence of such changes 
upon retention. We shall present data later showing how' the loss of 
retention varies with the lapse of time; but, as the lapse of time increases, 
the quantity of interpolated activity also increases. It is to this latter 
factor that we must look for the explanation of the loss. When investiga- 
tors speak of periods of rest or of the mere lapse of time, we are to 
understand that the ordinary uncontrolled routine of the subject’s life 
filled the period in question, or that some activity like newspaper reading 
(see experiments below) was present. 

Ebbinghaus was the first experimenter to attack the problem of loss 
of retention as a result of increasing the quantity and duration of the 
interpolated activities. Muller and Pilzecker were the first to vary 
experimentally the character of the interpolated work and^ to study the 
resulting changes in retention. We shall begin our examination of the 
experimental evidence bearing upon the loss of retention with a brief 
survey of the work conceived in the manner of Muller and Pilzecker 
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and then study the problem from the angle suggested by Ebbinghaus' 
work. 

Muller and Pilzecker (1900) used both the paired-associates and the 
relearning methods. The material to be learned was nonsense syllables 
presented on a revolving drum. The interpolated work was varied in 
a number of ways: (1) the subject rested for the entire period; (2) 
other lists of nonsense syllables were learned; (3) the subject studied 
pictures in order to describe them later; and (4) the material of nos. 2 
and 3 sometimes came immediately after the completion of the original 
learning and sometimes after intervals of rest. Condition 1 was the 
standard with which the results of the other conditions were compared. 
Although very few subjects were used, the results indicate that, when 
conditions 2, 3, and 4 follow learning, the scores on the retention tests 
are lower than when condition 1 follows learning. The use of nonsense 
syllables in the interpolated work was no more disadvantageous than the 
study of pictures. Retention scores are less if the interpolated work 
comes immediately after learning than if a rest interval intervenes before 
the interpolated work is done. (In order to test this phase of the problem, 
called the temporal position of the interpolation, the interpolated period 
might be 8 rain, long divided into 4 min. woik and 4 min. rest, 4 min. rest 
and 4 min. work, or all 8 min. either rest or work.) These findings of 
Muller and Pilzecker have very largely set the problems for later in- 
vestigators, although the general fact of the disadvantageous effect of 
interpolated activities is the only result upon which most students are 
agreed. 

Robinson (1920) has made careful studies of the effect of various kinds 

TABLE U 

The Influence of the Temporal Position of the Interpolated Work upon 

Retention Scores 
(After Robinson) 


Condition 

Interpolated 

period 

Amount recalled 

Errors of recall 

A 

20 min. reading 

29.1 

6.i% 

B 

5 min. study of 

3-place nos. 

IS min. reading 

38.6 

31.9% 

C 

5 min. reading 
$ min. study of 

3-place nos. 

30 min. reading 

19.7 

29.0% 

D 

30 min. reading 

5 min. study 

5 min. reading 

19.2 

32.6% 

B 

35 min. reading 

5 min- study 

18.4 

30.3% 
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of interpolated work and also of the influence of the temporal position 
of the work upon the retention scores. In both cases the results disagree 
with those of Muller and Pilzecker. Table 14 shows Robinson’s results 
on the influence of temporal position. The interpolated periods (condi- 
tions) are each 20 min. long. In condition A, the 20 min. were spent 
in reading a newspaper. Conditions B, C, D, and E are described in 
the table. After eight exposures of a list of 10 three-place numbers, 
a period of 20 min. was interpolated after which the subject wrote down 
as many of the numbers as possible. Table 14 shows how the amount 
recalled and the errors made varied with the nature of the interpolated 
period. Condition A is notably better than B, C, D, or E, but there is 
no essential difference between these four conditions. Although Robinson’s 
work is undoubtedly dependable for the conditions under which he worked, 
the divergent results of other studies made under different conditions by 
Skaggs (1925) and Whitcly (1924, 1927) must make us cautious in 
generalizing Robinson’s results. 

Historically one of the most important problems concerning the influence 
of interpolated activity upon retention may be formulated as follows: 
How does retention vary as the similarity between the original learning 
and the interpolated w^ork varies? Muller and Pilzecker found no dif- 
ference in the disadvantageous effects of nonsense syllables and picture 
study upon the recall of nonsense material. This would indicate that 
the similarity of original and interpolated work is not an important factor 
in the problem. This result, how^ever, is not confirmed by the later 
investigations of Robinson, Skaggs, Whitely, Harden, and Johnson (1933). 
Whitely (1927), for example, examined the variatum in the letention 
of words and phrases when just prior to attempts at learning and recall the 
subject was given either a resume of material within the field of the origi- 
nal learning or a resume from some field quite different from that of the 
material to be learned. While the difference was small, it indicates that 
recall was poorest when the resume was drawn from the same field as the 
material to be learned. Robinson secured like results indicating the posi- 
tive role of similarity when he used numbers for the original learning 
material and either numbers, nonsense material, poetry, multiplication, or 
prose reading for the interpolated work. 

Skaggs and Robinson point out certain interesting theoretical aspects 
of the similarity problem. If the interpolated work is identical with 
the original learning, this amounts to continued training and no loss of 
retention will occur, rather there will be an increase in eflSlciency due 
to the prolongation of practice. As this identity decreases with the in- 
troduction of a less and less similar material, retention of the original 
material becomes less and less until a minimum is rpehed. Beyond this 
point further decreases in similarity, i.e., increases in dissimilarity, have 
less effect upon retention, and the retention score thus rises* (See Figure 
15.) Robinson (1927) has sought to verify this theoretical relationship 
between original and interpolated work. The experiment was conducted 
by the memory-span method with consonants for the original and for 
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Degree of Similarity between Interpolated Activity and Original 
Memorization — Descending Scale 


FIGURE 15 

The Theoretical Relationship between Efficiency of Recall and the Simi- 
larity BETWEEN Interpolated Activity and Original Activity 
(From E. S. Robinson’s “The Similarity Factor in Retroaction,” Amer. J, 

Psychol, 1927.) 

the interpolated material. Where 12 consonants were used, the first 
six were considered the original learning material and the last six were 
considered the interpolated work. The recall score was the number of the 
first six consonants correctly reproduced. Dissimilarity was varied from 
the condition where all of the last six letters were different from 
the first six to that where they were identical with the first six. There 
might thus be from one to six letters common to the two sets. The 
results show that the score falls regularly from that with six letters 
in common to that with none in common, but the curve does not rise 
again as the theoretical consideration indicated that it should. Perhaps 
the difficulty lies in the concept of similarity, Robinson interprets degrees 
of similarity in terms of the identity of letters. Harden (1929) used 
numbers and letters in a study of the same problem and found that the 
recall score again mounts when the interpolated material is numbers and 
the original material is letters. The future development of the problem 
of similarity of interpolated work depends upon the ability of experi- 
menters to approach the problem quantitatively as Robinson, Harden, 
and Johnson have done. At present, experiments clearly indicate that 
one interpolated activity may differ markedly from another activity in 
its effect upon retention, but the reasons for the difference are as yet 
undetermined. 

Heine (1914) was unable to find disadvantageous results for inter- 
polated work when retention was tested by the age of stimulus method. 
This was probably because the original material was so well learned that 
the interpolated activity, used had but little effect. Since the age of 
stimulxxs method will reveal traces of retention when the recall method 
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will not, the former method would fail to show a loss of retention unless 
that loss were considerable. 

We come now to the consideration of experimental data which bear 
upon our theoretical analysis at the beginning of the present section. Is 
the loss in retention under conditions of disuse due to the fading-away 
of neural changes or to the disrupting influence of subsequent activities? 
Let us first note the relationship between amount of material to be 
learned and loss of retention where the ordinary activities of the subject 
fill in the period between learning and the retest. Ebbinghaus (1913, p. 
84), working by the relearning method, found a saving of 33 per cent after 
24 hours for a list of 12 nonsense syllables. For 24 syllables the saving 
was 48 per cent ; and for 36 syllables, 58 per cent. This general relation- 
ship between amount of material learned and retention after periods 
of no practice has been found by other investigators. Thus Robinson 
and Darrow (1924) found that retention was greater as the amount of 
material to be learned increased. Their results show 60-per-cent recall 
for 4 numbers, 66.5-per-cent for 6 numbers, 66.6-per-cent for 8 numbers, 
and 70.8-per-cent for 10 numbeis. Recall was tested after a 15-minute 
interval devoted to casual newspaper reading. If now the reading is 
replaced by a study of other lists of numbers, the degree of retention is 
further decreased, but the longer lists of numbers are less affected than the 
shorter lists. The general conclusion is indicated that the decrease in the 
retention of previously learned material which is brought about by in- 
terpolated activities varies inversely with the length of the material 
learned, which is exactly the effect that Ebbinghaus assigned to the influ- 
ence of the lapse of time. 

So far we have considered experiments where, after learning a given 
response, the subject is either allowed to continue his routine activities 
or is subjected to training of a controlled character. The former case 
is called the condition of rest in comparison with which one estimates 
the influence which the activities of the latter case have upon the retention 
of the learned response. We may now ask what effect the activities of 
the alleged rest period have upon retention by comparing the results for 
the rest period with those for a period of equal length where the subject 
sleeps, a condition of much decreased activity. Jenkins and Dallenbach 
(1924) have performed such an experiment for periods of one, two, four, 
and eight hours. Series of 10 nonsense syllables were employed, and 
the two subjects used were tested by the method of recall. Great care 
was exerdsed to make the tests comparable for the two interpolated condi- 
tions of sleep and waking. Figure 16 shows the results. After one 
hour’s sleep seven syllables were recalled, a loss of only about 28 per cent. 
After one hour of routine working activity, the loss was about 46 per cent. 
The noteworthy point in the figure is the relatively slight forgetting after 
sleep where the activities which might interfere with retention^ have 
been reduced to a minimum. [Nicolai, in his work (1922) cited in the 
section on Reminiscence, also found retention better after sleep.] ^ The 
authors also sought to rule out the influence of interpolated activities 
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FIGURE 16 

The Number of Syllabi-es Recalled after Various Intervals of Time during 
Which the Subject Was Either Asi-eep or Awake 
(From J. G. Jenkins and K. M. Dallcnbach's '‘Obliviscence during Sleep and 
Waking/^ Amer, J. PsychoLf 1924,) 

in another experiment where they utilized^ a hypnotized subject. The 
subject learned the syllables while hypnotized. He^ was then brought 
out of the hypnotic state and allowed to continue his daily duties until 
the time for recall when he was again hypnotized for the test. ^^^^<11 
was perfect after intervals of two, four, and eight hours, and was 80 per 
cent perfect after 24 hours. Results in general harmony with this have also 
been secured by Mitchell (1932). 
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The findings of Jenkins and Dalienbach have been partially confirmed 
by Dahl (1928), using the recognition method. In Dahl’s work, retention 
after periods of 4 to 8 hours’ sleep was better than after similar periods 
of normal waking activities. For 1- and 2-hour intervals, the reverse 
findings w^cre secured. Van Ormer (1932) has conducted an extensive 
experiment on the same problem, using nonsense syllables and the relearn- 
ing method. Again the results indicate that at 4 and 8 hours I'etention 
is better after sleep than after waking. There was no difference between 
the two conditions for the 1-hour interval, but possibly a difference for 
the 2-hour interval. Hunter (1932) has studied the effect of immobiliza- 
tion by cold upon learning and retention in the cockroach. Animals so 
inactivized learned more slowly and retained more poorly than animals 
who had spent the corresponding periods in normal temperatures and at 
normal activities. 

The position taken in the present section is in harmony with that of 
Jenkins and Dalienbach when they say: “The results of our study as a 
whole indicate that forgetting is not so much a matter of decay of old 
impressions and avssociations as it is a matter of interference, inhibition, or 
obliteration of the old by the new” (1924, p. 612). McGeoch (1932^) 
also favors s\ich an interpretation, which is further supported by the ex- 
perimental facts and theoretical analyses of this same writer presented 
in later papers (1933^/*, 1933Z>). 

The Rate of Forgetting 

In the preceding section we have discussed certain aspects of our present 
problem. We saw in Figure 16 that the amount of loss of retention after 
different intervals of time depended upon the character of the activities 
which filled the intervals. These curves show a rapid initial loss, and 
this characteristic is also present in the data of Table 15 based upon the 
findings of Ebbinghaus and Radossawljewitsch (1906). The explanation 
of the rapid initial loss is not entirely clear, but the most reasonable ex- 
planation seems to lie in the activities of the organism which immediately 
succeed the learning period. This view is supported by the work of 
Jenkins and Dalienbach which we have already presented. It is probable 
that such experiments, involving interpolated intervals of sleep, would 
show no rapid initial drop if it were possible for the subject to go to 
sleep immediately after learning. 

There is no one curve of forgetting; rather there are many curves 
the natures of which vary with such factors as the following: the degree 
of mastery of the initial learning, the character of the material originally 
learned, the speed of the initial learning, the amount and character of 
the activity which follows the learning, and the method by which 
retention is tested. In the present section we shall consider only the second 
factor, i.e., the relation between loss of retention and the character of the 
material originally learned. 

Such conventional verbal material as prose, poetry, or even unrelated 
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TABLE IS 

The Rate of Forgetting for Different Materials 


(From Radossawljewitsch and Ebbinghaus) 


Period since learning 
was completed 

Radossawljewitsch 
Percentage of Peicentage of 

saving, nonsense saving, 

material poetry 

Ebbinghaus 
Percentage of 
saving, nonsense 
material 

5 min. 

98 

100 

— 

20 min. 

89 

96 

59 

1 hr. 

71 

78 

44 

8 hrs. 

47 

58 

36 

24- hrs. 

68 

79 

34 

2 days 

61 

67 

28 

6 days 

49 

42 

25 

14- days 

41 

30 

— 

21 days 

37 

48 

' — 

30 days 

20 

24 

21 

120 days 

3 

— 

— 


words is better retained than the relatively novel verbal material com- 
posed of nonsense syllables. Table 15 shows the difference between 
such materials when retention is tested by the savings method. Experiment 
has not made precise the reason for this difference between the two 
types of material, but theoretical analysis indicates pretty clearly that 
the advantage of the conventional material lies in the range of established 
associations which are present when the experiment begins. This insures 
not only a greater number of cues for the recall of the required responses 
but it also makes a large and uncertain degree of overlearning inevitable. 
And responses that are overlearned are better retained than those which 
are not so firmly established. [See, for example, Krueger (1929).] 

It has been widely held that verbal habits are less well retained than 
non-verbal habits. Watson (1919, pp. 307-308), for example, writes: “It 
is thus seen that the rate of deterioration in habits such as we have con- 
sidered [typewriting and ball- tossing], while in all cases positive, is very 
slow indeed. Ordinary observations show that the same is true in regard 
to swimming, skating, dancing, tennis playing, and skilled mechanical 
work. We shall see ... . that this is in marked contrast to the rapid 
deterioration observed in habits which belong primarily to the language 
groups. There the deterioration is so rapid that in some cases, for ex- 
ample, in the learning of a series of nonsense syllables, the organization 
is lost in from fifteen minutes to half an hour so far as concerns the 
subject's ability to speak or write the words.’* Ordinary observations, 
however, are not adequate for the solution of the problem. Indeed it 
would be possible for any teacher of swimming or dancing to cite numerous 
cases where certain responses have appeared correctly once (which cor- 
responds to one correct recall of a list of nonsense syllables) and yet 
are forgotten, i.e., cannot be reinstated, five minutes later. There is a 
dearth of carefully controlled experimental data bearing upon the problem. 
Many observations upon infrahuman subjects suggest a very high degree 




TABLE 16 

RErairnoN of Typewriting Skill as Shown by Number of Strokes on Machine per 10-Minute Test 

{From Book) 

Tests 1 2 3 4 5 6 7 8 9 10 Av. Av, < 
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of retention over long periods of time. Thus Davis (1907) says that some 
of his raccoons showed but slight loss of ability to operate fastenings on 
puzzle boxes after more than a yt 2 Lr without practice. With human 
subjects who have been trained in typewriting, Book (1908) finds a high 
degree of retention after periods of six months and of one year during 
which the subject had no practice. Table 16 gives the results for one 
subject. As Book presents the results in the table, the first six months’ 
interval shows that the aveiage number of correct strokes made in the 
10-day test is less than for the last 10-day period of the regular training 
test. The percentage of error was also greater. One year later the 
average for a period of equal length is even better than in the cor- 
responding period 1.5 years before, although the error score remains 
high. At the beginning of each retest period the score is below what it 
was at the close of the last test. However, the relearning is accomplished 
within three or four 10-minute intervals. Book accounts for the high 
records made on the retests as follows: ‘*Tlie increase in score shown by 
our second memory scries was due, so far as we could make out, rather 
io the dhappearance, with the lapse of time, of numerous psycho-physical 
difficulties, interfering associations, bad habits of attention, incidentally 
acquired in the course of learning, interfering habits and tendencies, which, 
as they faded, left the more firmly established typewriting associations 
free to act*' (1908, p. 107). Results which in general are similar to those 
of Book have been found by Swift (1903) and Bourdon (1901) among 
others. Book’s explanation may indicate one of the factors responsible 
for the high retention and rapid relearning. In addition one must indicate 
that the following factors may have played an important role: (1) The 
two subjects may have applied themselves in the retention tests with a 
vigor not present in the last of the training series. (2) The materials 
typed in the retest series may not have been so difficult as those of the 
original series. (3) There was a very great amount of overlearning 
of many of the responses involved. This overlearning would account for 
a high degree of retention and would make the results non-comparable 
with the work on nonsense syllables where there is a minimum of over- 
learning. And (4) Book’s subjects had not reached their limits of 
performance during the training series and indeed were steadily improv- 
ing. Under these conditions relearning may occur very quickly and 
the total score on the retest period may be superior to that of the final 
section of the training series. This problem needs much additional 
investigation before it can be adequately understood. 

McGeoch and Melton (1929) have made a direct experimental com- 
parison of the retention of a non-verbal response and of a verbal response 
with human subjects. They compared the retention of three maze habits 
after seven days with the retention of 8-, 12-, and 16-syllabIe lists after 
the same period of time. Mazes and lists were learned to the point of one 
correct repetition. Retention was tested by the savings method. In terms 
of saving in, trials, the nonsense syllables were uniformly better retained 
than were mazes. This superiority ranged from 33 to 67 per cent. In 
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terms of saving in time, neither problem was uniformly superior. In terms 
of saving in errors, the mazes excelled in seven out of nine comparisons. 
In no case, save in trials, where the syllables were very superior, were the 
differences great. The work just reported is confirmed for a period of 
14 days in the study made by Freeman and Abernethy (1930). These 
investigators trained one group of subjects to substitute number symbols 
for the contents of a given paragraph and trained a second group to 
typewrite the paragraph using a blank keyboard. For every response 
with the typewriter a number symbol was utilized by the first group. 
The same criterion of mastery, two correct repetitions of the paragraph, 
was used for both groups. When tested after a 14-day rest, the two 
groups were essentially equal; but, when again tested 8 weeks later, the 
typewriter group was definitely superior to the substitution group. The 
authors later repeated this experiment omitting the interpolated 14-day 
tCsSt and measuring retention after a total rest period of 10 weeks (1932). 
The retention of the typewriting response was again definitely superior 
to that of the substitution response. However, McGeoch (1932^) has 
presented additional evidence on the comparative retention of the maze 
habit and the nonsense-syllable habit showing that non-verbal responses 
are no better retained than verbal ones. Theoretically, this is what one 
should expect, since there is no obvious reason why the responses of the 
oral muscles should differ in retention from the responses of the hand or 
leg muscles. Further experimental analysis of the differences between 
the results secured by Freeman and by McGeoch are necessary for the 
clarification of the problem. 


Reminiscence 

The loss of retention, as it has been traced by Ebbinghaus and his 
successors, shows a progress which is initially rapid and which then becomes 
less and less as time elapses. In 1913 Ballard published the results 
of an experiment upon partially learned poetry with children as the 
subjects. The curves of retention secured from this work were radically 
different from anything heretofore described. The experiment was con- 
ducted as follows : A typewritten copy of the poetry to be learned 
was given each child. The experimenter then read the selection, and 
for 15 minutes the children were allowed to study the typewritten copies. 
These were then collected, and the children were told to write as much 
of the poetry as they could remember. Nothing was said about a second 
test, but at some predetermined later time another written reproduction 
was called for. Figures 17 and 18 show typical results. The amount of 
immediate recall is taken as 100 per cent and subsequent recalls are rated 
with this as a base. Each point on the curves represents a separate group 
of subjects; i.e,, one group was tested after one day; another group, 
after two days ; etc. These curves do not mean that all children reproduced 
more after a lapse of time than they did immediately. Table 17 shows 
the actual percentages of children who reproduced more, less, or the 
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FIGURE 17 

Memory Curves for Children of About Twelve Years of Age 
is for the recall of “The Wreck of the Hesperus”; B, of “The Ancient Mariner 
and C, of nonsense verses. 

(From P. B. Ballard’s “Obliviscence and Reminiscence,” Brit J. PsyckoU, 
Monoff, SuppL, 1913.) 


FIGURE 18 

Memory Curves for Children of (^) About Six Years Old, {B) About 
Twelve, and (C) About Twenty-^Dne 
(From P. B. Ballard^s “Obliviscence and Reminiscence,” Brit /, FfycM,^ 

1014 \ 
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TABLE 17 

The Percentage of Children Showing Reminiscence after Various 
Intervals of Time 
(From Ballard) 


Interval in Number of Percentage of children who after the 

days children interval remembered: 

more same less 


1 

644 

45.5 

14.9 

39 6 

2 

841 

55 3 

13.9 

30.8 

3 

646 

47.5 

13.3 

39.2 

4 

1086 

40.6 

15 1 

44.3 

5 

657 

42.2 

13.1 

44.7 

6 

660 

30. 

14.1 

55.9 

7 

658 

28 4 

13.4 

58.2 


same amount as they did immediately after study. The maximum repro- 
duction for the six-year-olds is after an interval of three days; for 12- 
year-olds, after two days; and for 21 -year-olds, immediately after study. 
Reminiscent items, i.e,, items not contained in the immediate repro- 
duction, may be present even thou^^h the total score on the second test 
is not so high as that on the first. The second reproduction is, therefore, 
not solely determined by the first, a conclusion supported by Nicolai's 
(1922) findings when the effects of the practice secured on the first repro- 
duction were controlled. The influence of fatigue upon the initial test 
has also been ruled out as an explanatory factor. Luh ( 1922) has failed to 
secure the phenomenon with adult subjects tested with nonsense syllables 
where learning was incomplete and where different methods of measuring 
retention were employed. Williams (1926) and Huguenin (1914) con- 
firmed Ballard's work in extended studies with children where the 
material again was incompletely learned. In spite of the fact that Brown 
(1923) found some signs of reminiscence in adults, the weight of evi- 
dence so far would indicate that age is the important accompanying con- 
dition of the phenomenon in human subjects. Ballard found that the 
younger children and the defective children learned least and showed the 
greatest gain on the second reproduction. Bunch and Magdsick (1933) 
investigated the retention of partially learned maze responses by young 
white rats after varying intervals of time, from 0 to 48 hours. Their 
results show that retention is much less when tested immediately than when 
tested after 1, 3, 6, 12, 24, and 48 hours, but that it does not vary sig- 
nificantly for these latter intervals. Bunch and Magdsick point out the 
significance of these findings for the interpretation of the phenomena of 
retroactive inhibition and of the distribution of effort.. 

No adequate explanation for reminiscence is at present established. 
Ballard assumed that the neural processes involved in learning continue 
to set for an appreciable interval of time after the learning period has 
ended. ^‘Reminiscence may be said to be due to the inertia of the nervous 
system, which does not yield to an influence at once. Nor does the inertia 
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Stop yielding at once. Evidence of this positive change is afforded by the 
phenomena of retro-active amnesia, and by the increase of skill in bodily 
activities that takes place during long periods of intermission of practice. 
While it is admitted that many of tl>e facts seem to fit into either the 
theory of inhibition or the theory of neural growth, it seems to the writer 
that the latter is the only theory that adequately explains the whole of the 
phenomena with which we have been dealing ’’ (1913, p. 82). Huguenin 
and Ballard both, however, indicate that some items are lost as well as some 
recovered in the second test. Ballard’s theory would account for the re- 
covery but not for the loss. Brown regards the appearance of individual 
items in the second recall partly as a matter of chance and partly as a 
result of the fixating effect of the first recall. An adequate explanatory 
theory must await future experimentation; but the geneial findings in 
the study of conditioned responses very stiongly suggest that the prin- 
ciples of inhibition and experimental extinction there revealed are vitally 
involved in the present phenomenon. [See also Lepley’s (1932) pene- 
trating analj'sis.] 

Transfer of Training 

No stimulus-response coordination can be acquired uninfluenced by the 
action system already possesssed by the subject. Indeed it seems probable 
to many investigators that all new coordinations are merely the regroup- 
ings of simple responses which the organism has inherited. We have 
already considered the effect of training upon the retention of previously 
established habits, and we are now to discuss the effect of training upon 
the subsequent formation of habits. This effect may be positive or negative, 
that is, the formation of a stimulus-response coordination may be either 
facilitated or hindered by the training which has preceded it. In the 
former case we speak of habit transfer, and in the latter, of habit inter- 
ference. The standard method of investigating such phenomena utilizes 
two groups of subjects of equal ability. One group is trained for a cer- 
tain period of time on response no. 1, and then both groups are trained on 
response no. 2. A comparison of the records made by the two groups on 
response no. 2 will reveal whether or not the preliminary training lias 
appreciably influenced the subsequent learning. Such comparisons are 
usually made in terms of the total time, trials, errors, or achievement of 
the groups, although they may also be made in terms of the learning 
curves. We shall first present typical experiments where non-verbal habits 
are concerned and then outline one or more experiments dealing with 
verbal habits. 

Let us begin with observations made on cross-education. Investigations 
by Scripture (1894), Davis (1898, 1900), Thorndike and Woodworth 
(1901), Starch (1910), Ewert (1926), and Bray (1928) have shown 
that the training of responses made on one side of the body results in an 
increased facility of response on the opposite side of the body. Scripture 
studied strength of grip; Davis, quickness of tapping with the hands and 
feet; Thorndike and Woodworth, accuracy of tapping with the hands; 
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Swift, ball-tossinjy; and Starch, Ewert, and Bray, mirror tests. Ewert 
used two groups of subjects having approximately equal ability as rated 
in terms of the Otis behavior test. These two groups were tested in 
tracing a star in the mirror apparatus under the following conditions: 

Training group (26 subjects, average Otis score 164) 

(a) One trial with the non-preferred hand 
(//) Fifty trials with the preferred hand 
(c) One trial with the non-pieferred hand 

Control group (26 subjects, average Otis score 154) 

(a) One trial with the non-preferred hand 

(b) Interpolated rest, one hour 

(r) One trial with the non-preferred hand 

Table 18 shows that the training group made 82-per-cent and 76-per-cent 
improvement in time and errors respectively in tracing with the non- 
preferied hand after an hour’s practice with the preferred hand, while the 
control group made only 46-per-cent and 55-per-cent improvement after 
an equivalent rest period. The approximate amount of transfer from 
the training of the prefcried hand is thus 36 per cent for time and 21 
per cent for errors. 

TABLE 18 

Rfsults of Cross-Educauon in Mirror Drawing 
(After Ewert) 

'Fraining group Control gioup 

(fl) Ist trial 237.7 sec. 86.6 errois 256.6 sec. 101 errors 

(f) 2nd trial 43.6 sec. 20.7 errors 135.0 sec. 44.8 errors 

% of improvement 82 76 46 55 

gain due to training 36% 21% 


Hunter and Yarbrough (1917), Pearce (1917), and Hunter (1922) 
have shown that habits established in the rat may interfere greatly with the 
acquisition of subsequent habits. In the last-mentioned study, rats were 
trained in a T-shaped discrimination box to go to the right side when a 
light was pre.scnted and to the left side for darkness. When this habit 
(habit no. 1) was mastered, the rats were trained to go to the right for 
darkness and to the left for the light. An average of 286 trials was re- 
quired to master habit no. 1 and an average of 603 trials to master habit 
no. 2 which, wlien not preceded by habit no. 1 , was no more difficult than 
that habit Figure 19, which gives Vincent learning curves for the two 
habits, shows that the locus of the interference was in the first one-half 
■of the learning process. 

WyHe*.s work (1919) on white rats utilized avoiding reactions to differ- 
ent visual, auditory, and electrical stimuli. When the rat had learned to 
avoid one stimulus, another was substituted and the training was continued. 
In each case subsequent learning profited by the previous training. Hunter 
(1918), in repeating this work, found that rats trained to make a given 
response to an auditory stimulus would, without additional training, make 
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FIGURE 19 

Vincent Curves To Show the Locus of Interference between Habit No. 1 
(Upper Curve) and Habit No. 2 (Lower Curve) 

(From W. S. Hunter’s “Habit Interference in the White Ral and in Humark 
Subjects,” J. Comp. Psychol., 1922.) 

the same response to a visual stimulus. Positive transfer was thus indicated 
where all of the stimulating conditions were identical save one, the sound 
or the light. 

Webb (1917) and Wiltbank (1919) have made important studies of 
the influence of learning one maze upon the mastery of later maze habits. 
In practically all cases transfer has been demonstrated. Even when 
the second maze requires a reversal of the turns made in the first, Hunter 
(1922) has found transfer when the two learning records are compared in 
terms of total time, errors, and trials. 

The early work on cross-education and most of the studies on the 
transfer of training using verbal material have been interpreted with 
reference to the educational theory of formal discipline. Formal disci- 
pline assumes that the explanation of positive transfer lies in the general 
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impro%^ement of behavior capacities and, conversely, that training in such 
forms of behavior as mathematics, logic, and Latin will improve the sub- 
ject’s general capacity to analyze and remember. The opponents of this 
doctrine explain transfer in terms of the training of elements which are 
identical in the forms of response concerned, and they base this interpre- 
tation upon experiments which show that training a given response results 
not in a general spread of improvement but in gains in a limited number 
of responses. The extensive literature on the subject is summarized by 
Thorndike (1913) and Coover (1916). 

Thorndike and Woodworth (1901) were the first to present experi- 
ments showing a very limited spread of improvement as a result of train- 
ing in discriminative responses. The authors conclude as follows : 

Improvement in any single mental function need not improve the ability 
in functions commonly called by the same name. It may injure it. . . . 
Improvement in any single mental function rarely brings about equal 
improvement in any other function, no matter how similar, for the work- 
ing of every mental function-group is conditioned by the nature of the 
data in each particular case. . , . The general consideration of the cases of 
retention or of loss of practice effect seems to make it likely that spread 
of practice occurs only where identical elements are concerned in the in- 
fluencing and influenced function” (1901, p. 250). Somewhat greater 
spread of improvement was found by Fracker (1908), who worked with 
visual and auditory stimuli, while the important study by Sleight (1911) 
upon a variety of verbal habits shows almost no spread of improvement 
outside of the responses practiced. 

Judd (1908) has given a very brief description of an experiment which 
indicates that the verbal instruction which is given to the subject can aid 
in the mastery of a non-verbal habit, a result supported by one of Bray’s 
(1928) experiments. 

*‘Two groups of pupils in the fifth and sixth grades were required to 
hit with a small dart a target which was placed under water. The diffi- 
culty of hitting the target arises, of course, from the deflection which the 
light suffers thru diffraction. ... In this experiment one group of boys 
was given a full theoretical explanation of refraction. The other group 
of boys was left to work out experience without theoretical training. 
These two groups began practise with the target under twelve inches of 
water. It is a very striking fact that in the first series of trials the boys 
who knew the theory of refraction and those who did not, gave about the 
same results. That is, theory seemed to be of no value in the first tests. 
All the boys had to learn how to use the dart, and theory proved to be no 
substitute for practise. At this point the conditions were changed. The 
twelve inches of water were reduced to four. The difference between the 
two groups of boys now came out very strikingly. The boys without 
theory were very much confused. The practice gained with twelve inches 
of water did not help them with four inches. Their errors were large 
and persistent. On the other hand, the boys who had the theory fitted 
themselves to four inches very rapidly. Their theory evidently helped 
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them to see the reason v/hy they must not apply the twelve-inch habit to 
four inches of water’’ (Judd, 1908, pp. 36-37). 

Poflenberger (1915) carried out a series of tests upon control and train- 
ing groups using the following tests : color naming, form naming, opposites, 
adjective-noun test, cancellation, and arithmetic. Table 19 summarizes 

TABLE 19 

Experiments upon Transfer with Verbal Responses 

(After Poflenberger) 


Type of 


Type of experiment 

Control group 

Training group 

transfer 

Influence of : 

Gross gain from 1st Gioss gain from 1st 
to last test to last test 


Color naming upon 
form naming 

6.0±1.2 

— 2.2±3.2 

0 

Opposites test upon 
adjective-noun test 

15.6±3.2 

—2 0±2.2 

negative 

Cancellation of 3 & 5 
upon cancellation of 
groups containing 

3 & 5 

11.5±4 

23.7±3 2 

positive 

Cancellation of 3 & 5 
upon cancellation of 
groups containing 

4 & 7 

15.9±1.8 

15.0±L6 

0 

Addition upon substraction 

15.1±4.8 

8.8±0.7 

0 

Addition upon multiplication 

29.7±3.8 

U.4±5.3 

negative 

Addition upon division 

19.5 ±4.3 

21.3±6.3 

0 


the results. The last column indicates the presence or absence and the 
character of the transfer found when the figures in columns two and three 
are considered in the light of their probable errors. 

We are still far from a satisfactory explanation of the facts of transfer. 
At present the theory of identical elements seems most adequate, and yet 
it is all hnt impossible to bring the theory to a rigorous experimental test. 
Perhaps work on conditioned reflexes may finally give us the explanatory 
key to the type of behavior interrelationships described in the present 
section. 


The Relation of Initial and Final Abilities 

This problem of the relation of initial ability to final ability has two 
important subdivisioUsS : (1) What effect does training have upon the 
differences in ability revealed by individual subjects during the initial 
periods of the learning process? And (2) do the subjects used in a learn- 
ing experiment tend to retain, at the close of training, the same relative 
ranks which they had at the beginning of training? 

Let us comment briefly upon this latter question first. The method of 
investigation is clear and relatively uncomplicated. Correlations are made 
between the initial and final performances. In order to promote the re- 
liability of the initial and final records chosen, one may average the first 
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two or three trials for the record of the initial standing of a given subject 
and average the records of the last two or three trials for the record of 
final performance. If the correlation secured is significant, we can predict 
final performance on the basis of initial scores. Where the correlation is 
positive, individuals who rank high initially will also tend to rank high 
finally. With negative correlations those subjects who rank high initially 
will tend to rank low finally. Many investigators have made correlations 
of the t3^pe suggested where the subjects have been trained on a great 
diversity of responses such as addition, multiplication, cancellation of let- 
ters on a page, color naming, typewriting, and running the maze. The 
correlations in the great majority of cases are positive, although the P.E.’s, 
and consequently the dependability of the coefficients, vary greatly. [Kin- 
caid (1925) has summarized results of this t>pe from twent^^-four difEer- 
ent studies.] We may generalize the results as follows: the relation- 
ship between initial and final performances will in all probability be 
positive; but the closeness of the relationship, and therefore the degree 
to which valid predictions can be made, will vary from high to low and 
must be determined for each particular experimental setting. 

Let us now turn to a consideration of the first question raised in the 
present section. What is the result of training upon individual differences ? 
Do these differences increase, decrease, or remain the same? The socio- 
logical and educational significance of this problem is clear and important. 
Do social pressure and school training tend to make individuals more 
nearly alike or do they serve to accentuate the differences between indi- 
viduals? In a superficial sense and from a qualitative point of view, 
social conditions may result in a decrease of individual differences: immi- 
grants become Americanized ,* children all learn the^ responses of reading, 
writing, and arithmetic; a code of moral behavior is known, even if not 
practiced, by the members of a group. Our interest in the problem, how- 
ever, lies in another direction. Let us grant that 10 individuals have be- 
come more alike than they were by virtue of the fact that they are now all 
typists or calculators whereas .formerly only some of them had these accom- 
plishments. l^he quantitative and experimental problem which concerns us 
is this: Will the differences in skill which separate the 10 subjects one from 
the other in their initial efforts at typing or calculating increase, decrease, 
or remain the same after all subjects have received the same amount of 
training in typing or calculating? 

Many different methods have been used in the attempted solution of 
this problem. These methods will be found listed with other items in 
column 1 of Table 20, and the results of the methods plus some of the 
data upon which they are based will be found in the later columns of the 
table. The results of this table seem to indicate, so far as the data 
here concerned are valid for an examination of the question, that indi- 
vidual differences in performance tend to decrease with practice. Where 
the standard deviation, S.D., is larger finally than it is initially, the amount 
of variability about the mean has increased# Since, however, the initial 
and final means are different, the coefficient of variability, S.D./Av., gives 
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Data on Individual Differences as Affected by Training 
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a more comparable measure of the spread of performance. “Ratio worst/ 
best” is secured by dividing the worst initial performance by the best initial 
performance. This is then compared with a similar ratio from the final 
performances. “Gross gain” is seemed by subtracting the initial score 
from the final score. Where the gross gain by the poorest 25 per cent of 
the subjects was less than that made by the best 25 per cent of the subjects, 
the letter L is used in the table. The same designation is used for the re- 
sults secured by comparing “percentage gain.” 

Although Kincaid’s tabulation and analysis point definitely to the con- 
clusion that the diiferences in individual performance decrease with prac- 
tice, we are not justified in accepting such a conclusion as final. As 
Chapman (1925) and Stoddard (1928) in particular have noted, certain 
factors which are vital and indispensable for a solution of the problem 
have been neglected by experimenters. (1) The subjects used have not 
only usually been too few in number but they have not been selected with 
reference to learning ability nor can we be reasonably sure that adequate 
incentives have been present, particularly in the final stages of training 
where improvement is most difficult. Behavior tests of the Binet or U. S. 
Army type give a rough measure of ability to profit by training. The 
suggestion is obvious, therefore, that experiments should be planned in 
such a way that different learning abilities should not complicate the 
results. (2) Account must be taken of the arbitrary character of the 
scale used for scoring. If one subject, A, receives an initial score of 10 
and another subject, B, receives 20, B is not twice as good as A because 
zero on the arbitrary scale does not represent a zero of ability in the 
performance in question. The absolute or true zero may be 50 points 
below the arbitrary zero, and hence the true scores for A and B may be 
60 and 70, respectively, rather than 10 and 20. In the absence of a 
determination of the true zero, no method of determining individual 
differences in terms of score ratios can properly be employed. Thurstone 
(1928) has devised a method of determining the absolute zero which may 
be correct and applicable to the present problem. The method rests upon 
an absolute scaling of performance scores and upon the linear relationship 
which is claimed to exist between the standard deviation and the mean 
performance for various age groups. The use of gross gains from initial 
to final scores does not encounter this difficulty with the absolute zero, 
because this zero is common to both initial and final scores and is can- 
celled when one is subtracted from the other. (3) We come, therefore, 
to a consideration of the third important factor which has been neglected 
in the studies of individual differences. This factor is that of the in- 
equality of unite of achievement. The supposition has been that scores in 
addition, multiplication, or cancellation are composites of equal units. 
As Chapman (1925, p. 230) wrote concerning the use of gross scores, 
“The only assumption that this method makes is that the units at dif- 
ferent points of the scale are equal.” And yet this assumption can readily 
be shown to be untenable. Ordinarily the unite of achievement in the 
early part of training are easier than those in the middle portion of 
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the learning process, and the final units are the most difficult. The 
result, when graphically expressed, is a curve which changes rapidly at 
first and which then gradually levels off on the final plateau of achieve- 
ment. As the limits of achievement are reached, and particularly as the 
performance approximates a physiological limit, the additional increments 
of accomplishment become more and more difficult to attain, and fewer 
and fewer subjects can master them. It therefore follows that the differ- 
ences in individual performance may actually increase although the gross 
scores may indicate a decrease. Subject A may be 10 units better than 
subject B initially and only one point superior finally. And yet this one 
unit may mark an enormous difference between the two. At the close of 
1 0 trials on a maze one rat may be able to run without error while another 
rat may make but one error. In certain mazes this difference in perform- 
ance is not small but great because the one error that remains is the most 
difficult one to eliminate, indeed many subjects fail to eliminate it at all. 
We may choose still other illustrations of the same thing. To reduce 
one’s golf score from 100 to 98 is not nearly so difficult as to reduce one’s 
score 2 points below par. Five-tenths of a second clipped off the world’s 
record for the 100-yard dash is a much more considerable achievement 
than to reduce the time from 20 sec. to 19.5 sec. for the same distance. 
In these cases in which improvement involves an approximation to the 
physiological limits of the organism, the work by Hill (1927) on the physi- 
ology of achievement in athletics suggests the importance of finding some 
way to relate the difficulty of units to the capacities of the working 
organisms. 

Before we can solve this question of the influence of training upon 
individual differences a practical method must be found for weighting the 
units of score in terms of their difficulty. If in addition we can secure 
probable determinations of the true zero, our work will be facilitated. 
The role of the prophet in science is not a secure one, and yet we hesitate 
but little in predicting that future investigations made in the light of the 
above requirements will show that individual differences in degree of skill 
increase rather than diminish with training.® 

Backward Association 

For the adequate understanding of this topic one must give particular 
consideration to three problems which have loomed large in experimental 
work: (1) reverse associations, as the problem was formulated by Eb- 
binghaus; (2) the temporal order of stimuli involved in the establishment 
of conditioned responses; and (3) the order of the elimination of culs-de- 
sac in a maze. These problems will be considered briefly in the above 
order. 

If stimuli, for example, nonsense syllables, are presented in the order 
a, h, c, d, e, i, and if the subject is instructed to learn them in that order, 
after a certain number of trials he will be able to perform the task. In 


*Ewert (1934) has conducted such an investigation. 
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this case the order of recall will be forward. Tests will also show that 
the subject has some capacity for recalling the syllables in the reverse 
order. Ebbinghaus (1913) raised the question of whether or not, during 
the learning of such a series, associations were formed not merely forward 
from a to if to c but also backward from / to ^ to d, etc. He tested for 
this possibility by learning a series of nonsense syllables forward and then 
relearning them in a backward order. A certain amount of saving would 
be expected due to familiarity with the individual syllables ; but, when this 
was allowed for, there still remained a significant saving in the time 
required for relearning over that required for the original learning. Thus 
the original series could be learned in 1249 sec., while the reversed 
series was learned in 1094 sec., a saving of 155 sec., of which about 
6 sec. could be accredited to familiarity. There is thus reason for con- 
cluding that reverse associations are formed during forward learning, 
Ebbinghaus does so conclude, with the addition that fewer (or weaker) 
reverse associations are formed than forward ones. This latter part of 
his conclusion is not justified, as will appear later in our discussion. 
His method is not adapted to the determination of where the association 
begins in a series, nor in what order (forward or backward) from this 
point the associations are established. The smallness of the saving may 
be as much due to habit interference as to the weakness of the reverse 
associations which Ebbinghaus assumes to be the explanation of the small- 
ness of the saving. Cason (1926) and Garrett and Hartman (1926) 
have in general confirmed Ebbinghaus' findings. Wohlgemuth (1913), 
using the method of recall and presenting nonsense syllables, colors, and 
diagrams, found that backward recall was as frequent as forward recall, 
although to secure these results with nonsense syllables certain motor 
distractions were employed during learning. 

In order to determine the direction in which associations are estab- 
lished in a series of nonsense syllables an examination should be made of 
the order in which the syllables are learned. If the items are mastered in 
the order / to aj the suggested conclusion would be that associations are 
established in a backward order even though the reinstatejnent or recall 
of the series would be predominantly forward. Unfortunately, the con- 
ditions under which the learning of nonsense syllables is conducted are so 
complex that no such simple result has been secured. In general, it has 
been found that the first and last syllables are learned first and the middle 
syllables last. The absence of a marked reward at the end of each repe- 
tition of the series, the emphasis given the beginning of each repetition, 
and the instruction stimulus are all factors that have affected the order 
of mastery in a list of nonsense syllables and that have rendered such 
experiments unsuited to the determination of associative spread. 

All, stimuli are necessarily presented in a forward-going sequence in 
time. However, any one stimulus may be chosen as a point of reference, 
Sr&f^ Those stimuli which have preceded it lie in a backward direction 
from the reference point, and those which follow lie in a forward direc- 
tion. If the Stef is the initiator of such an unconditioned response as the 
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withdrawal from shock or the eating of food, associations with this 
stimulus-response coordination will be set up in forward and backward 
directions, i.e., both antecedently and subsequently to the Sref, unless 
some other factors are present to counteract or mask this action. It is 
obvious that, if Srcf is the last stimulus presented, the experimental data 
can show no subsequent associations, and, if Sret is the first stimulus, no 
antecedent ones can be found. Therefore, in order to secure data on both 
directions of association, it is necessary to introduce Srcf somewhere in the 
middle of the series. 

Experiments approximating in varying degrees these requirements have 
been made by Pavlov (1928), Carr and Freeman (1919), Yarbrough 
(1921), Switzer (1930), Wolfle (1932), Warner (1932), Thorndike 
(1933), and others. Pavlov found that unconditioned stimuli presented 
before or simultaneously with an unconditioned stimulus would, in time, 
arouse the unconditioned response. If presented subsequently, con- 
ditioning was possible, but slight. Carr and Freeman found it possible 
to train rats to turn back in a maze when a buzzer was sounded if they 
had been trained with the buzzer stimulus presented simultaneously or 
1 sec. before a shock stimulus. If the buzzer was given 1 sec. after the 
shock, the rats did not learn to turn when the buzzer alone was given. 
Yarbrough, using a similar method, found that rats could be trained to 
turn at the sound of a buzzer when this stimulus preceded a shock by as 
much a 6 sec. If the buzzer came immediately after the shock, the 
association was formed; but this was not the result when the buzzer was 
1 sec. later than the shock. Thus backward (antecedent) associations 
were more readily established than forward (subsequent) ones. Wolfle, 
using a finger- withdrawal response in human subjects, has studied the 
conditioning of an auditory stimulus to a shock stimulus with different 
time intervals. Where the auditory stimulus followed the shock, almost 
no conditioning occurred. In Warner’s work with rats the two stimuli 
employed were shock and a buzzer. The response to the shock was 
jumping or climbing a low partition. It was found that the auditory 
stimulus could be conditioned to arouse this response if that stimulus 
preceded the shock by 20 sec. but by less than 30 sec. Switzer was able 
to secure a conditioned e5''elid response in human subjects when, during 
training, the conditioned stimulus (a buzzer) followed the unconditioned 
stimulus by as much as 2 sec. 

The problem of backward association has been studied in the field of 
non-verbal behavior by means of the maze. Interest in the problem arose 
from the theory that the pleasurable effects of the food-reward served to 
stamp in the correct responses. The opposition to such a view on be- 
havioristic grounds was so strong that the obvious similarity between 
learning the maze and acquiring conditioned responses to food went almost 
unnoticed. In a maze there is temporal and spatial sequence of stimuli 
from the entrance to the exit where food is usually found. After the 
subject has mastered the maze, all stimuli from the culs-de-sac are either 
non-effective or set up avoiding reactions. The question now arises: 
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Are the culs-de-sac eliminated in a counterclockwise diiectirm from the 
exit? Are associative connections established in a backwaul diiection from 
the feeding response toward the responses in the liist unit of t!ie maze? 
To be sure, the stimuli in the maze and the ensuing rcspr)nses must be 
encountered and executed in the forward order of a, b, (, d, e, food] hut 
the question at issue is whether or not the msociative lonncitions are es- 
tablished in the backw^ard direction of food, e, d, c, b, a. 

The order of elimination of cul-de-sac responses in tlie rat maze is 
dependent upon the general plan of the maze and probabl>' also upon the 
degree of motivation. In the human maze the order of elimination is 
also probably affected by the chaiactei of the terminal rew'aid lesponse, 
which is usually not a prominent unconditioned re>ponse, and by the 
propensity of the sulqect to vcibalizc. Rats soon learn a general orienta- 
tion which leads from the entrance to the exit and consequenth tend to 
entei all culs-de-sac that point in that direction, passing bv those which 
point away from the exit. Furthermore, Hunter (1929) and Spence 
(1932) have pointed out that the final response, or turn, made before 
entering the food box tends to be anticipated and made before the proper 
time. And Perkins (1927) and Lumley (1932) have shown that the rat 
will make, at one point in the maze, responses which are appropriate only 
later. [See also Mitcheirs (1934) extensive obseivations on plaee-etrors 
in memorizing.] In order to study the relative older of elimination of 
culs-de-sac with the possibility of rcve«aling the influence of the one factor 
of the direction of spread of associative connections, it is necessary to use 
a maze in which the blinds shall differ one from the other only in tem- 
poral distance from the food box. llic possibility of retracing in the 
maze must be reduced to a minimum in onler to eiiualize the opportunities 
for making the various cul-de-sac responses. 

Although many analyses of the temporal order of cul-de-sac elimination 
have been made [for example by Carr (1917), Warden and Cummings 
(1929), Peterson (1920), and Spence (1932)], no experiment [with 
the possible exception of one by de Montpellier (1933)] is on record in 
which an adequate control has been made of the factors above listed. 
However, even under the unfavorable experimental conditions which have 
prevailed there is evidence of a general tendency for cul-dc-sac responses 
to be eliminated in a backward direction during learning. De Montpellier 
has further shown that as the maze habit disintegrates, w’hcn feeding is 
delayed for two hours after the completion of a trial, errors first reappear 
in that portion of the maze nearest the exit. Since animals trained in 
the maze without reward make little or no progress in learning (Blodgett, 
1929; Tolman and Honzik, 1930), we may plausibly infer that the back- 
ward elimination of culs-de-sac is largely influenced by the physiological 
effects of the feeding response. Such an order of elimination is what one 
would expect if the mechanism of the conditioned response is involved in 
maze learning. In harmony with such a view, Hull (1932) has formu- 
lated a goal-gradient hypothesis to explain the backward elimination of 
errors in the maze in terms of the decreasing effectiveness of the reward 
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responses in determining associations as the distance of the culs-de-sac 
from the maze exit increases. This theory, so brilliantly formulated, 
when combined with such work as Wolfle’s is extremely illuminating as 
an explanation of learning and recall. [See Hunter (1933) for an 
extended discussion of the problem.] 

There is much confusion in the literature on ‘‘backward association’* 
due to the failure to distinguish between the temporal direction in which 
associations are established and the following three factors: (1) the 
temporal order of the stimuli, (2) the direction o{ recall, and (3) the 
direction of the neural impulse across the synapse. There is, of course, no 
relationship between the two factors last mentioned. The fact that the 
neural impulse goes from receptor to effector and not vice versa has no 
possible bearing upon whether or not Jissociations spread forward or 
backward. Furthermore, in one of the conditioned-response experiments 
above cited, for example, the buzzer stimulus arouses the turning response 
in the maze, and the direction of recall is forward; but the association 
between buzzer and shock has been establislied in a backward direction. 
If the training has been with the buzzer after the shock, the relation of 
the stimuli is a backwaid one, since the shock is the and the results 

show that the association has spread in a forward direction, although the 
spread is but slight. If we are to emphasize basic mechanisms of learning 
rather than superficial stimulus relathmships, we .shall conclude that a 
backward order and not a forward order of associations is fundamental in 
learning. In so far as nervous processes arc concerned, there is no need 
for the terms backward and fonvard either in the piescnt context or in 
that of the law of effect. Sensory nervous impulses so affect the central 
nervous system that subseciuent sensory impulses impinge upon a modified 
central nervous system and are followed by modified behavior. 

The CoNDiTroNS Essential for Learning 

The conditions essential for learning will vary with' the nature of the 
problem to be learned and with the nature and condition of the organism 
in which the learning takes place. The factors affecting maze learning 
in rats where food is the incentive will not be the same as the factors 
affecting the learning of nonsense .syllables where instruction stimuli are 
given the subject and where the incentive is difficult to define. The 
suggestion is therefore apparent that all .situations are not equally suitable 
for the analysis of the fundamental conditions which must be met if 
learning is to take place at all ; although once these conditions have been 
identified, one may expect to find evidence for their presence in all learn- 
xng.^ 


*It should also be said that an investigator no more disproves the funda- 
mental nature of one of the cHtablislved conditions of learning by designing 
an experiment in which the cfect of that condition is modified by extraneous 
factors than one disproves the rdle or magnitude of gravitation by the intro- 
duction of masking factors. 
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In the previous section we have seen that if learning is to take place 
the stimuli concerned must fall within a certain temporal span. Within 
such limits associations are established in both forward and backward 
directions, although the latter is the more extended of the two. Under 
the conditions where these phenomena occur most clearly, the point of 
reference is the stimulus for an unconditioned response, in Thorndike’s 
terminology a “satisfiei” or an '‘anno>er.” In the present section we shall 
extend our discussion briefly in order to consider some of the factors 
whose theoretical importance in this connection is so great that they have 
been designated laws of learning. The factors which are generally so 
emphasized arc frequency, recency, and effect » Thorndike, on the basis 
of recent experiments, postulates a new factor of belongingness, Watson 
(1914) contended that frequency and recency were the only essential 
factors operative in habit formation. To these Carr (1914) added 
intensity, a variation of effect. Thorndike (1911) limited himself to 
frequency and effect, and formulated their laws as follows: “I'he Law 
of Effect is that: Of several responses made to the same situation, those 
which are accompanied or closely followed by satisfaction to the animal 
will, other things being equal, be more firmly connected with the situation, 
so that, when it recurs, they will be more likely to recur; those which are 
accompanied or closely followed by discomfort to the animal will, other 
things being equal, have their connections with that situation weakened, 
so that, when it recurs, they will be less likely to occur. The greater the 
satisfaction or discomfort, the greater the strengthening or weakening of 
the bond, 

*"The Law of Exercise is that: Any response to a situation will, other 
things being equal, be more strongly connected with the situation in pro’^ 
portion to the number of times it has been connected with that situation 
and to the average vigor and duration of the connection*' 

Let us comment briefly upon the influence upon learning of the following 
factors : recency, frequency, belongingness, and effect. The problem of the 
role played by recency in the learning problem confronts us in two forms : 
first, the temporal relationship between two stimuli which are to be 
associated; and, secondly, the- correlation between elapsed time and re- 
tention. The first form of the problem is best answered at the present 
time by the statement that one stimulus (conditioned) must be sufficiently 
recent to fall within the range of the stimulus gradients if it is to be con- 
nected with another stimulus (unconditioned) by means of learning. The 
second form of the problem is likewise answered positively. In so far as 
loss of retention is a function of time, lapse of time (degree of recency) will 
affect the reinstatement of a stimulus-response coordination and thereby 
affect learning. However, whether or not in any specific case recency can 
be a determining factor in the arousal of one of several possible responses 
will depend upon the magnitudes of the several recencies. "'Jliis follows 
since no difference can be expected to affect learning if the difference is 
subliminal. Thus in any single run through a maze there may be at one 
moment, or at one point in the maze, the possibility of reinstating two 
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responses which differ in the times which have elapsed since they were 
last made. Such a temporal difference is known to affect reinstatement^ 
if the difference has a sufficient magnitude. 

On the basis of extensive experiments Thorndike ( 1927 , 1932 ) has 
challenged the role of frequency in determining learning. In certain 
of these experiments the subjects were presented, for example, with a series 
of tasks such as estimating the lengths of lines, and drawing lines of speci- 
fied lengths or angles of specified sizes. A comparison was made between 
the records of the first part of each experiment and the records of the last 
part, in order to determine whether the response made most frequently 
initially was also made still more frequently at the close. In no case did 
the most frequently made response profit significantly from its greater 
frequency. These experiments deal with what Thorndike terms the 
frequency of a “situation’’ where no one response is invaiiably made to 
the same stimulating condition. Jn other experiments each stimulus (a 
word) called forth a single definite response (a number). Here, in 
Thorndike’s terminology, the investigation concerned the effect of fre- 
quency upon the strength of a “connection.” I'he results show that the 
relative frequency of the exercise of a “connection” has no effect, unless 
belongingness was also present. 

Such results are in accordance with the well-known phenomenon of 
incidental memory which also shows that mere fretjuency of occurrence is 
insufficient for learning. We cannot follow lliorndike in the apparently 
outright rejection of the factor of frequency or of frequency minus be- 
longingness, although its role in learning has often been grossly over- 
emphasized and misinterpreted. Frequency, like recency, is a temporal 
factor and involves the duration of stimulation as opposed to recency which 
involves the lapse of time since stimulation. Time itself will not fixate 
a process any more than it will eliminate one. A certain duration of time, 
or a certain amount of f?*equcncy, however, Is necessary in order to permit 
the effective factors to play their roles* In much of the discussion of 
frequency there has been the assumption that the sheer presence, or repeated 
presence, of the neural impulses set up by stimulation and response is the 
adequate factor for learning. Such a view seems to rest upon some form 
of the theory that brain paths are deepened by repeated exercise. Thorn- 
dike in his experiments has again shown the inadequacy of such a view^ 

In order to understand and evaluate the factor of belongingness it will 
be best to turn to those experiments of Thorndike which have given 
rise to the concept^ (1932). Two types of experiments were performed. 
In the first the subject* was told to listen to the reading of certain material 
which consisted of sentences containing some phrases and personal names. 
When the subject was tested later for recall, it was found that words 
or phrases would often recall others which followed them in the same sen- 
tence; that the last word of a sentence rarely recalled the first of the nepet; 
and that first names recalled last names. Thus first names belong to last 
names, and the parts of a sentence belong to each other more than they do 
to parts of another sentence. In the second type of experiment the sub- 



562 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


ject was told to attend to the reading of pairs (a word and a number). 
When tested later the subject was found to have learned the pairs, but to 
show poor ability to recall a member of one pair when given a member 
of another pair. 

It is unnecessary to postulate a factor of belongingness to account for 
results of the above character. In the first experiment the results w'ould 
be expected upon the basis of positive and negative transfer from previous 
training plus the effect of self-administered instruction stimuli. Certain 
linguistic habits which the subject has acquired not only modify the type 
of learning, but probably also result in the subject’s giving himself the 
instruction to learn by sentences. [This interpretation is in harmony 
with a statement made by Thorndike himself (1932, pp. 70-71).] In the 
second experiment the subject is definitely instructed to listen to such 
pairs as bread 29, wall 16, etc. The result is that when the subject is 
asked what comes after 29 the response wall is but rarely given. These 
results show clearly the influence of instruction stimuli upon learning, 
and in this respect they are in harmony with the findings in Aussaae 
experiments where if colors and figures are given, and if the subject is 
instructed to observe the former, it will be found that he has a negligible 
ability to report the latter. 

All organizations of behavior, all stimulus-response coordinations, may 
be described as possessing a general characteristic of belongingness. Such 
a term has as much descriptive value as the word Gestalt, which some 
writers prefer; but neither term refers clearly to a specific factor in the 
learning process. One may say that learning consists in the establishment 
of Gestalten or coordinations whose parts possess belongingness and that 
recall tends to lie within such wholes. The situation, however, is as well 
described in more conventional terms utilizing such concepts as stimulus- 
response, instruction stimulus, and habit. 

In the previous section on Backward Association we have already pre- 
sented the essential data indicating the influence of the factor oi effect 
upon the learning process. The term effect suggests the consequences of 
a response, its satisfyingness or annoyingness, its aspect of reward or pun- 
ishment. In many experimental situations such connotations, if objectively 
interpreted, seem justified. If, however, we are concerned with the prob- 
lem of learning in its most general and fundamental aspect, the term is 
less satisfactory since learning may occur, as in the case of the con- 
ditioned pupillary response, without any factor that can be readily recog- 
mzed as satisfying, annoying, rewarding, or punishing (and without, we 
might add, any factor that might be termed a goal). In its most ele- 
mental and general^ form the term effect would seem to refer to the 
influence upon learning of the arousal of an unconditioned response or of 
a well-established conditioned response. Whenever such responses are in- 
cluded in a series of stimulus-response activities asociations tend to spread 
m clockwise and anticlockwise directions. The latter direction of spread 
IS the phenomenon usually called effect. 

Thorndike (1932) has shown definitely that the factor of effect may 
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operate in a measurable decree even when present as the mere result of 
telling the subject that his response is light or wrong. Thorndike has 
in addition oflFered an analysis of the factor ot effect in terms of the 
kinds of stimulus-response mechanisms which serve as the point of refer- 
ence. These mechanisms are of two t>pes, satisriers and annoytTs or 
rewards and punishments (Thoindike’s terminology). It is pointed out 
that rewards lead to the repetition of the rewarded responses whereas 
punishments lead to the making of some other response than that pun- 
ished. In addition Thorndike's careful analysis of liis results obtained 
from human and infrahuman subjects leads him to the following C(in- 
clusion: “Rewards in general tend to maintain and strengthen any 
connection which leads to them. Punishments often but not always tend 
to shift from it to something else. . . . They weaken the connection which 
produced them, when they do weaken it, by strengthening some other 
connection" (1932, p. 277). In geneial, the stimulus-response connec- 
tion which is punished is not weakened. This problem of the variations 
in learning w’hich result from different kinds of unconditioned lesponses 
(punishments and rewards) might well be further clarified if attacked by 
the conditioned-response method.'" 

Our conclusion is that there aic two conditions wdiich must be present 
if learning is to occur, conditions which aie therefore the fundamental 
factors in habit formation: unconditioned (or well-established conditioned) 
responses and lime. The factor of time must be involved in such a form 
that a certain amount of stimulation (frequency) may occur and that 
those factors which modify neural action may have a chance to operate. 
Furthermore,^ the span of time (recency) which separates the two stimuli 
or responses which are to be connected must not be too great for the 
backward or forward spread of association. Since learning depends upon 
the retention of practice effects, and since retention is a function of time, 
relative recency may also influence learning through its relation to reten- 
tion. The effectiveness of the unconditioned response in learning appears 
to depend fundamentally upon the gradients which accompany it. Learn- 
ing in its basic character thus depends upon the fulfillment of certain tem- 
poral conditions in stimulus relationships and upon the presence of un- 
conditioned or well-established conditioned responses with their gradients. 
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CHAPTER 12 


WORK OF THE INTEGRATED ORGANISM 

Edward S. Robixson 

Yale Univenity 
Introdgction 

It will be the purpose of the present chapter to treat the fundamental 
processes involved in the productive operations of the intact organism. 
We shall hold our discussion close to the enterprises of experimental in- 
vestigation, but we shall not be able, in the space at our disposal, to men- 
tion all of the important studies that have been made in this field. The 
reader should therefore regard our citations from the literature as merely 
illustrative. A bibliography of bibliographies at the end of the chapter 
will aid the student who wishes to take the present treatment as a starting- 
point for wider reading in this field. 

One can make a rough division among the conditions of efficiency: (1) 
there are such conditions as the continuity of W’ork, or the muscle groups 
involved in the work, which throw light upon the mechanisms of the work 
itself; (2) there are such conditions as diet, ventilation, the use of drugs, 
the effects of which are usually studied for purposes that go beyond the 
better understanding of the work itself. This chapter will be concerned 
with conditions of the first kind. Conditions of the second kind have re- 
cently been given excellent discussion by Poffenberger in his Applied Psy- 
chology (1927). 

Thk CoNCKrrroN oi-’ Work 

In mechanics, w^rk is done when force moves mass against resistance. 
Or it may be said that work consists of the transformation of energy from 
one form into another. Such energy-transformation is an essential feature 
of all the productive operations of the integrated organsim, but there 
are other features of such operations that are equally essential and in many 
cases scientifically more accessible. The solution of an arithmetical prob- 
lem, the writing of a play, or the memorization of nonsense syllables 
ordinarily involves energy-transformation by hypothesis rather than by 
recorded fact. *Tven if at some future time a mechanical interpretation 
of mental life might conceivably become a working hypothesis, at the 
present time such m hypothesis would be utterly barren and misleading'' 
(Dodge, 1913). Such a statement does not mean that there is nothing 
mechanical about mental life, but it does mean that mental life requires 
much more than the principles of mechanics for its complete envisage- 
ment. A strictly mechanical conception of work is as inadequate for the 
physiologist as it is for the psychologist. In so far as the former considers 
the adjustive operations of organic systems he is able to restrict his think- 
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WORK OF THE INTEGRATED ORGANISM 
Edward S. Robinson 

Yal e Vn her si iy 

iNTRODrC'IION 

It will be the purpose of the present chapter to treat the fundamental 
processes involved in the productive operations of the intact organism. 
We shall hold our discussion close to the enterprises of experimental in- 
vestigation, but we shall not be able, in the space at our disposal, to men- 
tion all of the important studies that have been made in this field. The 
reader should therefore regard our citations from the literature as merely 
illustrative. A bibliography of bibliographies at the end of the chapter 
will aid the student who wdshes to take the present treatment as a starting- 
point for wider reading in this field. 

One can make a rough division among the conditions of efficiency: (1) 
there are such conditions as the continuity of work, or the muscle groups 
involved in the work, which throw light upon tfie mechanisms of the work 
itself; (2) there are such conditions as diet, ventilation, the use of drugs, 
the effects of which are UsSually sttidicd for purposes that go beyond the 
better undersStanding of the work itself. This chapter will he concerned 
with conditions of the first kind. Conditions of the second kind have re- 
cently been given excellent discussion by Pf)ffenbcrger in his Applied 
chohgy (1927). 

I'liE Conception of Work 

In mechanics, work is done when force moves mass against resistance. 
Or it may be said that work consists of the transformation of energy from 
one form into another. Such energy-transformation is an essential feature 
of all the productive operations of the integrated urgansim, but there 
are other features of such operations that are equally essential and in many 
cases scientifically more accessible, Tha solution of an arithmetical prob- 
lem, the writing of a play, or the memorization of nonsense syllables 
ordinarily involves energy-transformation by hypothesis rather than by 
recorded fact. ^‘Even if at some future time a mechanical interpretation 
of mental life might conceivably become a working hypothesis, at the 
present time such an hypothesis would be utterly barren and misleading’^ 
(Dodge, 1913). Such a statement does not mean that there is nothing 
mechanical about mental life, but it does mean that mental life requires 
much more than the principles of mechanics for its complete envisage- 
ment. A strictly mechanical conception of work is as inadequate for the 
physiologist as it is for the psychologist. In so far as the former considers 
the adjustive operations of organic systems he is able to restrict his think- 
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ing to mechanical principles only by the arbitrary adoption of a kind 
of philosophical blindness. 

While it is generally acknowledged that the activities of the intact 
organism are more than mechanical, scientific men have frequently taken 
care of this fact by an oversimplified distinction. They have said that we 
have bodily work, which can be considered in strictly mechanical terms, and 
we have mental work, which is on another level. There have been various 
ways of characterizing this second type of work. Thorndike (1914, p. 3) 
says: 

There are four important possible criteria for marking off the 
mental part of the work done by an animal The first is the pro- 
duction of conscious states. The second is the presence of con- 
scious states, whether produced by the work or not. The third is 
the^ absence of explanation by present physiology. The fourth is 
action by the animal’s connection system. 

Thorndike recognizes that the third meaning of mental work is reasonable. 
It implies that there is a fundamental continuity from giving forth CO 2 
to giving forth poetry and that ignorance alone renders us unable to bring 
both of these productions under a single broad conception. Still he feels 
that clarity will be better served if we confine our use of the term “mental 
work^' to work done by the animal’s connection-system. There will then 
be no danger of confusion with work of the digestive, excretory, action, or 
other systems. Thorndike realizes that his distinction is not perfectly 
cldan-cut, that some of the work of the connection-system is in practice 
never called mental. But he seems to feel that, on the average, the 
distinction will serve a useful intellectual purpose. 

Whatever may have been the utility of dividing all of the organism’s 
work into mental and non-mental, into mental and mechanical, or into 
mental and physiological, there seems to be little advantage in continuing 
to ernphasize such bifurcations. Psychologists and physiologists are almost 
unanimously aware that the principles of mechanics have limited applica- 
bility to the organism’s activities. But this does not mean that we should 
place within a single group all non-mechanical aspects of behavior* Neither 
is it important to separate all work involving mechanical, chemical, and 
^ysiological changes from that which is most distinctly psychological. 
This latter division appealed most strongly to psychologists who felt that 
mey had to defend the uniqueness of their position among the sciences. 
Happily this type of motivation seems to be losing ground among men 
^ engaged in experimental investigation. 

What is required for the better conduct of investigation is a critical 
and empirical attitude toward the factors involved in the efficiency of 
specific productive activities. In the case of a given experimental per- 
formance, the question is not so much whether there is conceivably an 
increase or decrease in oxygen consumption; the important question is 
whether such a factor can be detected and measured. If, among the 
results of investigation, there are muscular sensations of pain, the first 
step IS to accept these data. One has the right to form hypotheses about 
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the chemical and neural pioce^sc'^ im<ii\ed — indeed, it would be an 
unimajrinative student who did not do — but it ls nupoitant that we 
remain clear as to what is fact and what is Inpothesis. 

Emphasis upon speculative classification of the (ii nanism's activities may 
well be replaced by attempts to record toi a wide lanjie of performances 
such facts as amount of o\y^m consumed, caihon dioxide pioduced, 
changes in breathing, in pulse, and in bodv temperature*, changes in pro- 
duction as measured in kilograinmeteis or in seconds per task perfoiined, 
changes in production as measured in ps\ chological units of accuracy (e.g., 
the correctness with w^hich a W(‘rd is spelled or a multiplication done), 
and introspectable changes in sensoi>, iinaginal, and affective occunences 
duiing the w^ork. 

It would be awkward to avoid all use of such terms as ‘'mental work” 
and “muscular work,” but it slunild be recognized that their application is 
for purposes of ready description and that it implies little or nothing about 
underlying processes. 


ExhKCV-'rR tXSKORMA'nONS 

The most diicct measurements of total energy-transformation or metabo- 
lism during integrated activity are in teiins of carbon-dioxide production 
and oxygen consumption. Pulse rate and rate and character of respiration 
are other indicators of energy-transformation^ and in some investigations 
alterations in body temperature have been recorded. 

The most successful studies of metabolism during work have dealt with 
acti\ities involving llie relatively ctmtinuous operation of large groups of 
muscles. Walking, running, mountain-elimhing, bicycle-riding, and swim- 
ming are among the activities that have shown pronounced and readily 
determinable increases in oxygen consumption. ^Phe following tabic 
(Table 1) from Benedict and Cathcari (1013) presents a comparison 
of the oxygen consumption during various forms <?f work all of which 
involved the continuous operation of larger muscle groups. 

We have an example of the use of such a table in the comparison made 
by the authors of the work of thcii own subject, M.A.M,, who performed 
on the bicycle ergometer, with that d<mc during mountain-climbing, I'hcy 
say (p. 162) : 

It is thus clear by every method of comparison that the subject 
M.A.M. performed an extraordinary amount of work and that his 
metabolism was elevated to an abnormally high degree. When it is 
considered that this high elevation persisted not simply for experi- 
mental periods of a few seconds or even 15 minutes, but fur an hour 
or more, and that these long experiments were carried out by the sul)- 
ject without food in his stomach, h will be seen that this suliject 
not only had great strength but very great endurance, and that the 
amount of work performed was considerably greater than that done 
in the most active mountain climbing. 

In the case of the operation of the larger muscle groups it is freciuently 
possible to state output in physical terms. In their study of horiz.ontal 
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walking, Benedict and Murschhauser (1927) prebent an intciesting table 
giving an analytic, mechanical comparison of walkinir at different speeds 
and running. 

TABLE 2 

Mechanics or Locomotion in Walking and Running 


Speed 

(o) 

Average 
raising of 
body per 
minute 

ib) 

Average 

distance 

per 

minute 

(0 

Average 
number 
of steps 
per 

minute 

id) 

Length 
i>f step 
(b-:-c) 

Raising 
of body 
per 
step 
(a-:-f) 

Walking: 

Low 

meters 

2,88 

ineteis 

69.3 

108.2 

cm. 

64.0 

cm. 

2.66 

Medium 

6.69 

109.0 

130.9 

83.3 

5.11 

High 

Running 

7.90 

144.5 

152.4 

94.8 

5.18 

13.76 

147.6 

181.9 

81.1 

7.56 


Another interesting type of physical description of heavy muscular work 
is illustrated by the following table (I'able 3) in which Benedict and 
Cathcart have presented the output during various specimens of such 
work in terms of kilogrammeters and also in terms of calories. 

I'ABLE 3 

Effective Muscular Work in Various Forms of Activity, as Reported by Blix’*^ 

Length Effective muscular 

Kind of work of work work per minute 


kgm. caln. 

Mountain-climbing, moderate work Many hours 500 

Mountain-climbing, severe work 1 to 2 hours 750-1,000 3.74-2.33 

Steep mountain-climbing, 100 meters minutes 2,000 4.^5 

Climbing a treadmill 30 seconds 2,400-3,600 5.58-8.37 

Running up stairs, 10-kgm, load 15 seconds 3,700 8,61 

Running up stairs, without load 30 seconds 4,300 10.00 

Running up stairs, without load 4 seconds 5, 700-6, 000 13.26-13.95 


^Recomputed in kilogrammeters by Magnus-Levy, and by us in calories per 
minute. 


Decided changes in pulse and respiration are other important findings 
in connection with the operation of large muscle groups. Indeed, such 
changes are so closely correlated with more direct measures of energy- 
transformation that they have themselves sometimes been taken to be 
reliable indicators of the mechanical character of the organism’s perform- 
ance (Dodge, 1913). 

One of the most recent investigations of the background processes of 
muscular work is that carried on at Columbia by H. J. P, Schubert. 
Through the kindness of Dr. Schubert we are able to quote an informal 
abstract (1932) : 

The metabolic exchange, the breathing and the heart responses were 
measured during a work period of twenty-two minutes divided into 
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six sections, and during the time necessaiy foi recovery fiom the work 
performed. Six weeks were spent in preliminary adjustment to the 
situation and in practice at the work until all measurements had 
attained, for both working and resting conditions, a level from which 
they did not deviate to any great extent. 

During work, the metabolism rises rapidly from the resting value 
to reach a peak by the fourth minute, then to fall oflE slightly to^ a 
low point at the eighth minute, only to rise slightly but steadily 
thereafter. The first reversal might be considered as a “swing 
to equilibrium”; and the final rise as evidence of inability to hold 
this equilibrium due to the spreading of deleterious metabolites. 

The respiratory rate was not greatly affected by the work. It was 
largely the increasing respiratory volume, depth of bieathing, which 
accounts for the increase in ventilation. The heart rate rises from 
about sixty-three beats per minute during resting to a fairly constant 
rate of one hundred beats per minute after about two minutes of 
work. 

The longer the subject has been engaged at work, the longer the 
recovery period necessary for the measures here taken — metabolism, 
heart rate, and breathing response^ — ^to return to resting values. The 
increase in the oxygen debt with increase in the time spent at work, 
is small. The critical feature is the speed with which the metabolic 
exchange returns to the resting value. . . 

While such physical studies of work as we have just mentioned attain 
their most conspicuous results in connection with heavy muscular work, 
this by no means precludes the utilization of their technique in other con- 
nections. In respect to work like arithmetical calculation it is not wise 
to say that physical and chemical facts are here unimportant, even though 
it may be well to admit that they are difficult to detect. 

Several attempts have been made to determine the physical properties of 
what is generally called “difficult mental work.’* Recently there appeared 
a briefly reported but significant study by Benedict and Benedict (1930).^ 
Six subjects, five men and one woman (Subject VI), did silent mental 
multiplication of 2-place by 2-place numbers for three to four successive 15- 
minute periods. The results appear in Table 4. 

To quote the authors (p. 443) : 

Our conclusion in general is that with intense, sustained mental 
effort, such as in multiplication, there is a noticeable increase in 
heart rate, a rather considerable change in the character of the 
respiratory movements, an increase in the volume of air passing 
through the lungs, a small increase in the carbon -dioxide production, 
a smaller increase in the oxygen consumption, and consequently a 
slight increase in the apparent respiratory quotient The increase 
in oxygen consumption, which may be taken as the best index of 
energy transformations, is such as to suggest that the increase in 
heat production as a result of intense mental effort of this type can 
hardly be of the order of more than 3 or 4 percent. In view of 
the sense of extreme, almost overpowering fatigue in both mind and 
body following sustained mental effort, it is surprising that mental 
effort has such an insignificant effect upon the general metabolism or 
level of vital activity. [See also the recent study from Columbia by 
Harmon (1933).] 


^For earlier studies along similar lines see Benedict and Carpenter (1909) 
and Becker and Olsen (1914). 
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TABLE 4. 


Effect of Mental Effort on the Heart and Respiratory Activity 
(Average values per minute) 


Subject 

Heart 

Rest 

rate 

Work 

Respiration rate 
Rest Wf) I k 

Ventilation of the 
lungs 

Rt‘^t Work 

I 

62 

64 

15 

16 

liters 

5.2 

litei s 

57 

II 

55 

61 

15 

IS 

5 5 

6 3 

III 

60 

62 

14 

16 

5.0 

56 

IV 

54 

57 

15 

15 

7.2 

7.7 

V 

73 

77 

17 

15 

5 8 

67 

VI 

55 

67 

10 

11 

3.9 

5.0 

Average 

60 

65 

14 

15 

5.4 

6.2 


Effect of Mental Effort on Car bon -Dioxide Production 


(Cc. per minute) 

Subject 

1 

U 

in 

IV 

V 

VI 

Rest 

178 

173 

174 

202 

149 

139 

Work: 







Period 1 

183 

197 

184 

210 

168 

159 

Period 2 

183 

179 

185 

205 

160 

156 

Period 3 

180 

177 

183 

209 

159 

157 

Period 4 

178 

179 

. . . 



160 


Effect of Mental Effort on Oxygen Consumi*tion 
(A verage cc. per minute) 

Subject 

Rest 

Work 


I 

208 

210 


II 

212 

219 


HI 

232 

241 


IV 

242 

247 


V 

174 

187 


VI 

181 

191 


Average 

208 

216 



In one of his earlier papers Benedict suggested that such metabolic 
changes as do take place during ‘^mentaU* work are due largely to ac- 
companying muscular activity (Benedict and Carpenter* 1909). From 
what we know of the actual tissue masses involved m muscular movement* 
upon the one hand* and in central nerve processes, on the other* this seems 
quite likely. But the conclusion is not to be drawn therefrom that truly 
mental activity is virtually without metabolic cost. There is at present 
too much evidence for the motor theories of conscious activity to permit 
the easy identification of mind and braim Rounds and Poffenberger 
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(1931) have presented a method of studying the physiological changes 
associated with articulation. 

Factors in Addition to Energy-Transformations 

In the case of heavy muscular work that best index of energy-trans- 
formation, oxygen consumption, is strikingly affected. This tends toward 
the attachment of a high degree of physiological importance to oxygen 
consumption and toward the natural conclusion that changes in pulse and 
respiration are principally important as less direct indices of the same 
fundamental metabolic fact. Under these circumstances we are likely to 
overlook slight alterations in the movements of production and such 
changes as are accessible only to introspection. But when we move on to 
such work as mental multiplication, where oxygen consumption is less 
prominent experimentally than are changes in pulse and respiration and 
where the introspective facts become relatively obtrusive, we are forced 
to admit that the work of the intact organism has a high degree of com- 
plexity. With that picture of mental work before us which is supplied 
in the above summary by Benedict and Benedict, we may well turn back 
for a moment to a consideration of heavy muscular work and ask whether 
we ought not to seek in such work evidences for circulatory and respira- 
tory facts which are more than mere reflections of oxygen consumption. 
There is reason to believe further that the introspective facts observable 
during heavy muscular work could profitably receive more systematic 
attention. In recent studies of arm ergography by Yochelson (1930) 
fairly full introspective observations have accompanied the more conven- 
tional physical and physiological measurements. Aside from the well- 
known ebb and flow of muscular pain, interesting findings have been 
obtained regarding temporary states of aboulia which are free from per- 
ceptibly relevant sensory or imaginal content. It appears also that the 
character of the work itself is profoundly altered by the shift of attention 
from the working muscles to more remote objects. 

This brings us back to our earlier methodological point. There is a 
real temptation to study heavy muscular work with regard only for facts 
of energy-transformation closely allied to it. There is an equal tempta- 
tion to study mental work with regard only to introspective facts or to 
statistical changes in the results of such work, whereas an adequate scien- 
tific attitude requires an attempt to secure for all kinds of work all of 
the facts from oxygen consumption to an empty consciousness of incapacity. 
Benedict and Benedict are moving in the right direction when they examine 
oxygen consumption during mental multiplication, and Yochelson is equally 
right in giving more than customary care to sound introspection in the 
case of heavy muscular work. We are not suggesting that every investi- 
gation in the field of work should be arranged to lay bare all of the 
physical, chemical, physiological, and psychological factors involved, but 
merely that there is no type of work done by the intact organism which 
precludes the possibility of studying any of a wide range of factors. It 
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is this possibility that is likely to be minimized by such eas} distinctions 
as that between bodily work and mental woik. 

Thi5 Work DiiCREment 

Most of the theoretical discussion and expeiimental investiirati(jn oi the 
nature of psychophysioloKical work has centered about the work decrement. 
It will, therefore, aid the present exposition if we turn our attention to this 
phenomenon. 

By ‘'work decrement’' is meant that loss in efficiency which is typically 
produced by prolon^i;ed and highly continuous performance of a set task* 
The popular and pseudo-scientific term "fatigue” includes the fact of 
decrement, but it ordinarily includes assumptions as to the causes of this 
fact which, for the sake of clear thinking, ought to be kept separate from 
the fact itself. Thorndike (1914) has sought to avoid the difficulties due 
to loose usage of the teun by defining it in such a manner as to limit it 
to the work decrement. Dodge (1917) has sought to help the situation 
by distinguisliing between fatigue and relative fatiffue, according to the 
causal factors underlying decrement; But it is probably safer to follow^ 
the advice of Watson (1919) and Muscio (1921) and to avoid the term 
"fatigue” except where precision is unnecessary. 

Psychologists and physiologists have determined the decrements for a 
large variety of activities, and before going into the possii)le and probable 



FIGURE 1 


Mosso’s Ergoorapu 

c is the carriage moving to and fro on runners by means of the cord which 
passes from the carriage to a holder attached to the last two phalanges of the 
middle finger (the adjoining fingers are held in place by clamps) ; the writing- 
point of the carriage, c, which makes the record of its movements on the kymo- 
graphion; m, the weight to be lifted. 

(From W* H. HowcIVs A Textbook of Physkloffy, IJth ed., 1930, by permission 
of the publishers, W. B« Saunders Co., Philadelphia.) 
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causes of such losses in efficiency we shall present the essential empirical 
facts as they appear in typical work curves. We shall present such curves 
for lifting (ergographic work), speed of movement, amplitude of move- 
ment, control of movement, speed of mental process, accuracy of mental 
process, and affective tone. 

We begin with ergographic work. The products of such work can be 
expressed in simple terms of kilogrammeters. The process out of which 
this product comes is not, of couise, so simple. It is quite impossible to 
confine work to the operation of a single muscle and it is quite impossible 
to confine it to the operation, in constant relations to each other, of the 
members of a definite group of muscles. These latter facts have caused 
many investigators to tuin away from the ergographic method. It should 
be noted, however, that the critics of this method have not been able to 
set up any other activity of the intact organism which would be devoid 
of the variability inherent in the weight-lifting or spring-pulling activity 
of ergography. And it is fair to ask whether the goal implied in such 
criticism is the only possible goal in the study of work. The ergographic 
method suffers when it is thought of as an attempt to study in the living 
individual the type of phenomena observable in the recurrent or continuous 
stimulation of the nerve-muscle preparation. But if the method is con- 
sidered as an approach to the activity of the intact and living organism, its 
lack of simplicity may be thought of as a merit rather than as a deficiency. 
There also remains the essential fact that, even though the pattern of 
muscular activity in ergographic work is persistently variable, there is far 
better hope of understanding such variability here than there is in stair- 
climbing, tapping, mental arithmetic, or grading compositions. In the 
writer’s opinion this is not an argument against the study of those other 
activities, but it is an important answer to the criticism that the com- 
plexity of ergographic work renders it insusceptible to scientific study. 

After the early enthusiastic investigations by such men as Mosso (1904), 
Maggiora (1890), Lombard (1887), and others, the skeptical attitude 
toward ergography became pronounced, although studies utilizing this 
method have appeared from time to time. Lately there has been a renewed 
interest in the method on the part of psychologists as is shown by the 
contributions of Crawley (1926), Weinland (1927), and Manzer (1927) 
of Columbia, and by that of Yochelson (1930) of Yale. These later 
studies have employed contraction of the single finger, of the hand muscles 
involved in grasping, of the flexor muscles of the arm, of the flexor muscles 
of the leg, and of the large muscles of the trunk as they are used in the 
rowing-machine. 

The ergograms in Figure 2 are from Yochelson. Each one represents 
the performance of a subject who lifted, by a flexion of the arm, a weight 
of 8 kilograms once every two seconds. In every case there is a complete 
depement, so far as objective performance is concerned, within a relatively 
brief period. It is well known that zero performance in such cases does 
not mean complete exhaustion of the power to act* A lighter weight 
could be lifted after this one ceases to move and with sufficient incentive 
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FIG0RE 2 

EftGOGRAPHic Curves jhom Each of Five Subjects 
(From S* Yochelson^s *'Efect» of Re»t*Fau8CH on Work Decrement;’ Ph.D. the»i«, 

Yale Cniv., 1930.) 
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even this weight could be at least partially raised. Nevertheless, these 
curves represent a complete decrement for the experimental conditions 
represented. 

Each of the ergograms of Figure 2 represents a performance typical of a 
particular subject. Although Mosso in his pioneer studies had recognized 
that the exact course of the decrement in ergographic work is a function 
of the individual, later writers have often forgotten this fact and have 
claimed or implied that there is a curve typical of ergogiaphic work in 
general. Howell (1930), for example, presents the ergogram of Figure 
3 from Maggiora and calls it a ‘'normal fatigue curve ^ 



FIGURE 3 

Normal Fatigue Curve of the Flexors of the Middle Finger of the Right Hand 
Weight, 3 kilograms, contraction at intervals of 2 seconds.— Maggiori. 
(From W. H. Howell’s A Textbook of Physiology, 11th ed., 1930, by permission 
of the publishers, W. B. Saunders Co., Philadelphia.) 

The variations present in the ergograms of Figure 2 are important, be^ 
cause they suggest that the causes of decrement in a muscular performance 
of this sort are not to be sought simply in energy-depletion or in the ac- 
cumulation of “fatigue products.” If such chemical factors were the only 
causal agencies we should expect to find merely minor departures from a 
typical curve. An additional importance may be attached to these curves 
because they were obtained from subjects who had had considerable prac- 
tice under these experimental conditions and because each curve does repre- 
sent a type for a particular subject. Yochelson^s study of these subjects 
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extended ovei man} (ia}^ and, after a dej^ice of iireLailaiity m the early 
days of the experiment, each subject settled do%\n to his own type of 
curve which he produced witli \ery few exceptions. Kxpeiiincnts utilizing 
different muscle groups of these same subjects also indicate that tlie ei go- 
graph curve remains fairly constant for the individual. One might almost 
say that the curve is a personality trait Tlie insistent character of these 
individual differences indicates more than the presence of factors other than 
energy-depletion and fatigue-products; it indicates that those other factors 
may remain fairly constant for the reactive system of a given individual. 
Many investigators have admitted with deep regret their inability to 
eliminate psychological factors which complicate the problem of the decre- 
ment for muscular work. They have assumed that such factors, if present, 
are hound to be so nebulous as to place them beyond the reach of scientific 
study. Yochel son’s results do not minimize the possible complexity of the 
decrement for muscular work, but they give a hint that the factors 
underlying it are definite, even though they are also complex. 

Interesting light on ergographic woik is also furnished by the two ergo- 
grams of Figure 4, both of which were obtained in the early stages of 
Yochclson’s experiment, bcfoie his subjects had had a great deal of practice. 
In one case we have a temporary partial decrement, lecovery from which 
took place with no rest other than that furnished bj the decrement itself. 
In the other we have a nearly complete decrement of the same temporary 
character. Both suggest that we are here tlealing with the maintenance 
of a complicated system of activity, the balance of which is susceptible to 
disturbance, rather than with a simple expenditure of energy. 

Both Manzer and Yochelson studied series <if work periods in which 
each complete decrement was followed by a rest interval of varying 
length. In Manner’s experiment there was a tendency for the work 




FIGUKE 4 

Kroooraphic Curves from Each of Two Subjects 
(From $, Yochelson’s ‘Effects of Rest^Pauses on Work Pecrement/’ Ph.D. thesb, 

Yale Univ., 1930.) 
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accomplished in successive periods to diminish. Yochelson, however, 
found that after a first and marked diminution the subject early made 
an adjustment which allowed him to continue almost indefinitely at a 



Work periods 
FIGURE 5 

Average Recoveries for All Subjects for Five-, Fifteen-, and Thirtt-Second 
, Rest Series 

These curves show the recovery values of 5-, IS-, and 30-second rest seriesw All 
points on these curves are averages of six recoveries — two performances by each 
of three subjects* Note that their general levels were arrived at after four or five 

work periods* 

(From S* Yochelson’s ‘‘Efects of Rcst-Fauses on Work Decrement,^’ Fh,D. thesis, 

Yale Univ,, 1930*) 
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fairly constant production level. The level maintained depended, of 
course, upon the Icnpjth of the rest interval, but only a few such intervals 
were required in order to define the particular state of equilibrium 
which could he maintained. The graphs of Figure 5 show^ this result. 
Here again wc have evidence that in ergographic work we are dealing 
with a complex, but definite, adjusted system of activity. The subjects 
were quite unaware of the nature of this state of equilibrium, but their 
separate records ail have this same characteristic. 

The fact that Yochelson got this state of equilibrium while Manzer did 
not is of minor importance so far as our present interest goes. These 
investigators used different subjects and there were considerable differences 
in the details of apparatus. There is nothing, however, to suggest that 
Yochelson ’s result was a mere accident. The important point is simply 
that the state of etiuilibrium found so consistently by Yochelson can occur 
in ergographic work. 

Before leaving Figure 5, it should be said that the sudden spurt shown 
at the fifteenth period for the 5-second curve was due to the performance 
of a single subject. That such an irregularity could occur emphasizes 
again the fact that ergographic work depends upon the maintenance of an 



The vertical axis represents the average number of taps in 5 seconds. The hori- 
zontal axis represents the successive S-second periods of tapping. 

[Drawn from data from F. L. Wells (1908) and taken from E. S. Robinnon^s 
Practical PsycMoffy, 1926, by permission of the publishers, The MacmiHan Co., 

New York.] 
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adjusted system. Such a spurt, like the temporary decrements of Figure 
4, suggests sporadic disturbance of a system. 

From these few facts about the ergographic curve and decrement we 
may conclude that the method here represented does, as has been main- 
tained, represent a poor experiment so far as a strictly mechanical inter- 
pretation of its results is concerned. But we may also conclude that 
the phenomena that are manifested by work of this type are from a 
broader physiological and psychological point of view extraordinarily 
interesting and important. 

We may now turn from work of the ergographic type, which is done 
at a constant and moderate speed against relatively heavy physical resis- 
tance, to work done at high speed against only such resistance as is offered 
to the free movements of the limbs. In Figure 6 a work curve is pre- 
sented for 30 seconds of continuous tapping. This curve is a fair repre- 
sentative of those obtained for speed of movement, even where the total 
work period is very much longer. Such curves rarely show a complete 
decrement nor do they give grounds for predicting the later development 
of such a collapse. During the early portions of the work there is a 



FIGURE 7 

Work Curves, Representing the Sx>ee0 at Which the First 1'rials op One-, 
Two-, AND Three-Finger Tvping Were Made 
Horizontal^ axis represents successive lines written. Vertical axis represents 
speed in terms of seconds per line. Curves are averages for 21 subjects. 
(From E. S. Robinson and A. G. Bills’s “Two Factors in the Work Decrement’’ 
/. Bxper. Psychol, xm.) 
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decrement in speed which briiij^s the woiker to a le\cl at ^^luLh he can 
perfoim almost indeliniteh without exhaustion. There i^; an inilectiun in 
the cuive of Fi{j;ure 6 which ‘'Ujii^ests that such a level is soon to be i cached. 
The same phcnonien<jn is illustrated in the three cuives of Fi;»ure 7. 
The woik in tliis cas<‘ also is tapping, but the tua) upper curves represent 
alternate tapping with two or three iinpjers, a mote definitely coordinated 
and integrated l\pe of activity than the tapping of the w-rist and hand oi 
the tappin^^ nf th<* sin,yle fin;»ei. Nevertheless, the curves are much alike. 
(Allowance must, oi couis<*, he maile for the fact that the method ot 
measuiinjt efHcienc\ in this t^unip ot cur\es is such as to represent a decre- 
ment In a rise in the cur\es.) 'I'here is a relatively steep preliminai) 
decrement after which tire level ot performance remains fairly constant. 
While the picdiminary decrement doubtless is influenced by the presence 
of blocks, sensoiv pains, etc., which are warninf^; sij^nals of coniinp; exhaus- 
tion, the piompt development of the deciemenr may be thoupjht of a^ 
mainlv a proteiticni against the completer decrement of actual e.xhaustion. 
One must he catelul, however, in speakinjjc thus teleologically not to assume 
a conscious or unconsiious purpose that is not present. Introspective 
reports from such experiments seldom show' any awareness on the subject’s 
part that he is ‘loafing” for protection, and the experimentalist will 
hardly be content to postulate an unconscious, purposive striving. Our 
attitude shotild simply be that of a willingness to point out that a useful 
protective function is served by the piompt minor decrement. Much is still 
to be learned regarding precise mechanisms underlying such protective 
reductiirns in efficiency, 

'Fhcfre is some inten*Ht in comparing the decrement secured in ergo- 
graphic work with that in speed of unresistetl movements. I'he most 
striking difference is that one almost always gets a complete decrement in 
the former case and almost never in the latter. Within the single period 
of continuous ergogniphic wiirk under the usual laboratory conditions, the 
subject does not spontaneously and unconsciously decline to a level of 
efficiency which cun be indefinitely maintained. There is no lack of 
opportunity for such a phenomenon to occur. It is well known tltat 
ergographic work can he continued over long periods of time if the 
weight is tight enougli, and there is reason to believe that a reduction 
in the amount oi lift given in each reaction might have a similar influence 
in staving off complete decrement As a matter of fact there are two 
crgognims in Mgure 2, those of Subject V and Subject VI, that show what 
approaches the level characteristic of the curves for speed of movement. 
Perhaps these levels, which are irregular at best, are not low enough to 
protect against the final complete decrement* It seems even more likely, 
however, that their ineffectiveness is due to their late development after a 
considerable amount oi high-level work has been done. But why is this 
true? Why h there not a partial decrement in the earliest stages of the 
work? I'he answer probably lies in the fact that in ergographic work the 
subject is given a definite standard and rate of performance any departure 
from which he can easily detect. He therefore resists any tendency which 
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might be present to let his level of efficiency drop until the occuirence 
of the drop can no longer protect him against the final and complete 
decrement. In such activities as tapping, the subject has a much less 
definite basis for judging his own performance. His efficiency can there- 
fore slip off by the required amount without meeting any great subjective 
resistance. 

Although the experimental literature gives us a reasonably adequate 
picture of the work curve for the speed of small movements, we are still 
curiously lacking in precise knowledge of the course of efficiency in run- 
ning, swimming, rowing, and similar performances of the larger muscle 
groups. Determinations of oxygen consumption, carbon-dioxide produc- 
tion, respiration, heart rate, blood pressure, urine content, etc.,^ have been 
made in connection with athletic activities, but we are largely ignorant of 
precisely how the decrement would develop in the case of a runner who 
started off with a conscious effort to attain maximum speed and to main- 
tain that speed until his gait involuntarily slowed itself. A. V. Hill 
(1927) and a number of earlier writers have presented what are, after a 
fashion, work curves for human running. The times required to cover 
varying amounts of ground have been taken from the athletic records. 



DISTANCE IN YARDS iN MILES 


FIGURE 8 

Record Time Taken To Run Ten Y'ards in Various Distance Runs 
The horizontal axis repiesents distances run and the vertical axis represents the 
lecord time taken to run 10 yards at these various distances. 

(Drawn from American Athletic Union records.) 

In Figure 8 we have constructed such a curve from the official records of 
the American Amateur Athletic Union. The rise in speed from the 100- 
yard dash to the 220 is due to the time lost in overcoming inertia at the 
start rather than to warming-up in the usual sense. It is interesting that 
by the time the mile run is reached the rate of running is very little faster 
than that at which two miles can be run. To quote Hill (p. 227), who 
has considered records up to 25 miles: **At mile the average velocity 
is only about three-quarters of what it is in 220 yards, though it is 25 
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FIGURE 9 

The Course of the Fatei.i.ar Reflex over a Period of Aeout Pifteek Minutes 
IN States of Waking, Trance, and Sleep 
(From M. T. Bass’s “Differentiation of the Hypnotic Trance from Normal Sleep,” 
/. Exper. P$ychol, 1931) 

miles before it comes down to a half/' There is much in this curve to 
suggest the results in regard to speed of movement that have been obtained 
in laboratory investigations of more circumscribed activity. There is a 
similar sharp initial decrement that puts performance at a level which can 
be essentially maintained over long distances. Of course, that level is 
actually subject to decrement, but this decrement is gradual. 
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The Similarity of the curve for running to that for the laboratory ex- 
periments is all the more remarkable when we consider that it does not 
actually represent the continuous performance of the same individual or 
group. The type of physique and state of training is different for the 
individuals who have made the records for the short distances and for 
those who have done best in races of a mile or longer. The conscious 
**sets” also vary for the different distances. But it would be highly 
desirable to obtain values for successive distances traversed by the same 
runner. Hill (pp. 232 f.) has described apparatus for timing electrically 
the successive sections of the same race and has presented results for a dash 
of 60 yards. The application of this method to longer races promises 
important scientific results. 

Work curves similar to those for speed of unresisted movement have 
been obtained for the amplitude of periodically stimulated reflexes. In an 
experiment designed to compare the knee-jerk during the normal waking 
state, during normal sleep, and during hypnotic trance, Bass (1931) 
secured work cuives for one hundred successive reactions occurring at 
intervals of 9.68 seconds. The pooled results for several performances 
of seven subjects appear in Figure 9. While it is interesting that the 
work curves for waking and trance conditions are coincident within the 
limits of statistical reliability and that the curve for the sleep condition 
shows a much greater initial drop, our main concern is with the general 
form of these curves. All show the early rapid drop characteristic of 
curves for speed of movement. Curves of similar type have also been 
secured by Dodge (1923) for the amplitude of post-rotation nystagmus. 
The existence of decelerated work decrements for responses at the reflex 
level indicates that the early diminution in speed or amplitude of response 
is not conscious malingering. 

We may next consider work decrement as it appears in control of 
movement. As early as 1906 McDougall pointed out that loss of control 
is an outstanding result of continuous work, and in more recent years 
Ash (1914) and other writers have emphasized the importance of this 
phenomenon. One of the best illustrations of decrement in control of move- 
ment is given by Dodge (1917) and we shall quote his text (pp. 106-109) : 

Let me ajssume your familiarity with the technique of photographi- 
cally recording the eye-movements from corneal reflection. For the 
present records (Figure [10]) the eyes moved horizontally through an 
arc of sixty degrees, fixating successively two knitting needles which 
were situated thirty degrees on either side of the primary position 
of the line of regard. Each dot or dash on the records represents 
one phase of the alternating current, and a time interval of about 
eight thousandths of a second. 

I'he succession of eye movements in the records that are here re- 
produced was as rapid as practicable with subjectively adequate 
successive fixation of the two fixation marks. Some of the more 
characteristic fatigue phenomena which they show are: (1) The speed 
of movement becomes less toward the end of the series; (2) the fixa- 
tions become less accurate; (3) and finally the line of movement itself 
become more irregular. Figure [10] shows the climax of these pro- 
cesses in a break. The gradual decrease in angle velocity cor- 
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FIGURE 10 

RECORD OF Eve-Movements Showinc the Fatigue Phenomena _ 
Read from Wp down. Note the break at end of record on the right. 
(From R. Dodge’s “The Laws of Relative Fatigue,” Psychol. Rfv., 1517.) 
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responds to the work decrement of extirpated muscle. But in this 
case, m view of Sherrington’s demonstration of the reciprocal inhibi- 
tion of antagonistic eye-muscles, 'it doubtless involves something 
more. The greatest angle velocity of eye-movement could only 
occur when the relaxation of the antagonistic was perfectly co- 
ordinated with the contraction of the antagonistic muscle The 
pseudo-work decrement in this case then is not purely muscular but 
IS in part a matter of defective coordination. The increasing errors 
of coordination have a similar origin. That is, the total elaboration 
of the contraction impulse and the corresponding relaxation of the 
antagonistic become less exact in successive repetitions of the act of 
fixation. But the coordination is not limited to the internal and ex- 
ternal recti as one would expect them to be in horizontal movements 
of the eyes. All the records of 60" eye-movements, which I have 
ever seen, show a vertical factor. In all my records this vertical 
factor results in an elevation of the line of regard. But it varies from 
movement to movement. That these vertical components are not ac- 
cidents of purely muscular origin is shown by binocular records. 

Since the disturbances are homologous for both eyes, their origin must 
lie in the central nervous system. While occasional gross dis- 
turbances occur early in the series of movements, they become more 
and more conspicuous as the series progresses. The vertical com- 
ponents represent the intercurrent action of related and competing, 
but this is a case of non-inhibiting systems. When they become 
extreme they tend to interrupt for a moment the main rhythm of hori- 
zontal movements. In some cases these various disturbances produce 
a moment of confusion and a break in the process, which in ordinary 
mental fatigue experiments would be interpreted as complete fatigue 
or exhaustion. 

We may take as another instance of decrement in control of movement 
the increase in size of writing which occurs when simple letter-groups 
are written over and over again with a set for maximum speed. Figure 
1 1 presents work curves for the continuous writing of such groups as ah, 
abc, and abcdef (Robinson and Bills, 1926). In general form these curves 
suggest those for speed of movement. A fairly sharp initial decrement is 
followed by a more gradual loss of control. And again we may assume 
that it is the sharpness of the initial decrement that retards the appearance 
of anything approaching collapse of the activity. It should be said that 
the enlargement of the writing as the work progressed was non-voluntary. 
The subjects simply began each day^s work with writing of something 
like normal size and increased this size spontaneously as the work pro- 
ceeded. It is true that, with practice, even the initial writing became 
larger, but throughout some eighteen days of experimentation the enlarge- 
ment appeared as the day’s work progressed. 

There are some interesting differences between the nature of the decre- 
ment in the eye-movements examined by Dodge and that in the writing 
moveinents which we have presented. In the case of the eye-movements 
there is nothing exactly corresponding to the definite increase of size in 
writing. Even in normal life the individual does not always restrict his 
writing to the more finely adjusted movements of a relatively restricted 
muscle group. On the outskirts of such a group are larger muscles of the 
arm which have habitually been allowed to creep into the activity of 
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FIGURE U 

Work CuRvr.b Siu»win(, iNORi’AsiNr? Size ni Writing during Period of Work 
Horizontal ajcit^ represents successive minutes work, V^eriical axis represents 
number of letters per line. C’urvcs are averages for 24 subjects. 

(From E. S. Robinson and A. G, Bills's **Two Factors in the Work Decrement” 
J. Exprr, PsydioLf 1926.) 

writing as the more finely adjusted group has become partially dis- 
organized. And the introduction of these larger muscles has tended to- 
ward the production of gro.sser movements. We have here something 
which looks curiously like a reversal of the developmental sequence from 
fundamental to accessory. As a matter of fact, the writing of young 
children is strongly suggestive of the later stages of continuous writing 
in adults. In the case of the eye-movements described by Dodge there is 
no such relation between small, finely adjusted muscle groups and larger 
neighboring muscles. What we sec, therefore, in such a record as that 
of Figure 10 is the development of a decrement in control marked by 
erratic movements and by constantly increasing blocking rather than a 
decrement of the orderly type suggested by the curves of Figure 11, 
Thus far we have dealt with activities involving muscular movements, 
the force and character of which could be physically recorded. We may 
now turn to activities which have their outcome in some intellectual pro- 
duct such as the solution of an arithmetical problem, the correct identi- 
fication of a language symbol, etc. In his well-known desire to force 
homogeneity of factual content upon psychology, Watson (1919) dis- 
tinguished work of this latter type as vocal. By stressing the muscles 
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used in uttering the intellectual response, Watson seemed to {eel that he 
was identifying mental work with muscular work — the only difference 
being in the muscle groups involved in the two cases. The difficulty with 
this suggestion is that in the usual studies of such work as arithmetical 
calculation little attention is given to the precise muscles involved. The 
question is mainly this : Is the answer correct or not, and how much time 
was required to arrive at it? If the investigator does record muscular 
activity involved in such work, he regards it as secondary — as a facilitating 
or inhibiting factor, perhaps, but not as the work*s essential product. In 
criticizing Watson’s naive effort to rid himself of the philosophical em- 
barrassment of a type of work which cannot be treated in terms of muscle 
movement, we need not have recourse to the traditional views of mental 
work, such as that which would make this work largely the production 
of the brain alone. As a matter of physiological fact we know that work 
like arithmetical calculation does involve the organism as a whole. But 
the essential feature of such work is something not found, for example, 
in ergography. There is in ergography no such thing as an intellectually 
correct or incorrect answer, or, if there is, it is a matter of minor im- 
portance. 

Figure 12 presents the work curve for speed of addition as obtained by 
Chapman and Nolan (1916). Although the total period of work is only 
30 seconds, there is apparent an early rapid loss of efficiency followed by 
the maintenance of a fairly stable level. The authors speak of the high 
initial level from which the early drop occurs as “initial spurt.” This has 



FIGURE 12 

Work Curve for Speed of Addition 

(Drawn from data from J. C. Chapman and W. J. Nolan’s “Spurt in a Simple 
Mental Function,’* Amer, /, PsychoL^ 1916.) 
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long been a customarj usage, but it is somewhat unf(jrtunate in that it 
emphasizes the initial level of efficiency rather than the drop from that 
level* Chapman and Nolan felt that work curves often lack this early 
drop simply because the divisions of time as represented on the base line 
are too gross. 

Our own interest in the above curve rests principally on the fact that 
it again illustrates the tendency of the worker to fall off to a level of 
efficiency which can be maintained for a considerable period. 

In Figure 13 we have a work curve for speed of mental multiplication 
constructed from results given by Arai in her noteworthy monograph 
(1912). The base line is certainly too grossly divided to reveal any such 
early decrement as that in the Chapman-Nolan curve. It is clear, never- 
theless, that in this experiment also the subject tended toward a level that 



Work Curve for Ment/ve Muetipi-ic axiom 
The* vertical axis represents the number of 4-pIace by 4-pIace examplen worked 
per hour of working lime. The horiKontal axis represents the successive hours 
of work from U AM* until It f.m, 

[Drawn from data from T, Aral (I9t2} and taken from E. vS. Robinson’s Praetkd 
P$y{holo(fy\ 1926, by permission of the Publishers, 'Phe Macmillan Co., New York,] 

could be maintained. True, six hours, or more than half the duration 
of the experimental sitting, wx‘re required to reach this level, but the 
final attainment of such a level is clear. We should not conclude from 
the above curve that efficiency in 4-place by 4-pkce mental multiplication 
would follow the same course for every subject. There are individuals 
who would not be capable of doing such work at all. In all likelihood 
there are many others who could not continue this work for a day at a 
time. Even among individuals who could do such multiplying with 
something like Aral’s initial efficiency, the early drop which we have found 
so characteristic of work curves of all kinds might appear very much 
earlier or even later than the decrement in Aral’s curve. An experiment 


596 


HANDBOOK. OF GENERAL EXPERIMENTAL PSYCHOLOGY 


reported by Painter (1916) fails to give us a drop to a maintainable 
level. Instead, we see a growing irregularity and finally a collapse to a 
point where mental multiplication simply failed to take place. 



FIGURE 14 
Work Curves 

Horizontal axis represents successive readings of card containing 100 letters. 
Vertical axis represents seconds per reading. Curves are averages for 18 subjects. 
(Modified from £. S. Robinson and A. G. Bill’s “Two Factors in the Work 
Decrement,” J. Exper. PsychoL, 1926.) 

In Figure 14 we present work curves for a type of intellectual activity 
quite unlike the various forms of arithmetical operations that have cus- 
tomarily been used by students of mental work. Upon a cardboard, 12 
inches square, there were pasted 10 rows of j^-inch gummed letters, 10 
letters to a row. Such a card might contain 2 different letters, 4 different 
letters, 8 different letters, and so on to 24. The letters were distributed 
in random order after the manner of the colored patches in the color-nam- 
ing test. The subject read through one of these cards as rapidly as pos- 
sible and then repeated the performance until 20 readings had been made. 
Although decided blockings occurred, actual errors were negligible, so 
that speed is the essential variable. The curves of Figure 14 represent 
the average performance of 18 practiced subjects. 

Each of these curves for speed of letter-naming shows an early decre- 
ment followed by a prolonged period during which efficiency either falls 
very slowly (2-lettcr condition) or actually shows a gradual rise (4- 
letter and 8-lctter conditions). Whether the rise, when it occurs, is due 
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to the fact that the t 2 ;eneral influence of practice is still present or to 
the fact that there is a temporary warming-up effect within the work 
period is not so impoitant as the additional exemplification of the tendency 
of the worker to diminish his efficiency to a level that he can maintain. 
This early decrement does not represent any conscious malingering. If 
it did, we should expect to find practiced subjects beginning the work at 
a level which experience had taught them they could maintain. In the 
case of the present experiment the early decrement Avas marked even in 
the fourth cycle of experimentation and the initial level of efficiency had not 
diminished but had actually increased. 

The tendency toward eajly decrement that leaves the individual upon a 
maintainable level is probably only one of the reasons w^hy complete decre- 
ments are so rare for the speed of intellectual work. It has frequently 
been noticed that work curves w'hen secured for the individual perform- 
ance rather than from a pocjling of many performances are characterized 
by more or less periodic fluctuations in efficiency [as for instance in Fliigel 
(1928),] Such fluctuations may, themselves, provide short periods of 
relative rest which act to postpone any more serious decrement. A recent 
and th(u‘ough stmlv of this question has been reported by Bills (1931 a, 
1931/>). Five tasks were employed: continuous addition and subtraction, 
voluntary perspective ix'versal, color naming, opposites, and substitution. 
Time w^as recorded by a kymographic technique in such a manner as to 
show the speed of each successive lesponse, I'he findings are summarized 
as follows (1931^, pp. 209-210): 

1. In all five forms of mental work there occur, \vith almost regu- 
larity, blocks or pauses during which no response occurs. These 
blocks occupy the time of fiom two to six responscH, I’hey have an 
average fre<iuency of a!)out three per nnnute, although individuals 
differ in rhythm. 

2. Practice reduces the ftequency and size of the blocks. 

3. Fatigue increases their frequency and size, producing much 
greater irregularity in the flow of iespon.ses, after an hour. 

4. 'Phe responses between the blocks tend to bunch toward a center, 
such that a regular wave-like effect of alternate crest and trough, 
or condensation and rarefaction results. Fatigue exaggerates the 
bunching, 

5. Individuals who respond rapidly tend to have fewer and 
shorter blocks than slow individuals. 

6. Errors occur consistently opposite blocks, suggesting that the 
same cause is responsible for both; i.e. a refractory phase in mental 
functioning. 

While these results regarding periodic blocks or decrements do not, 
themselves, prove that such blocks act protectively against more serious 
decrements, it .seems altogether reasonable that they do act in that way. 

Inhere is little doubt that highly continuous intellectual work is capable 
of producing a decrement in the accuracy of such work. An examination 
of the literature, however, fails to reveal any number of satisfactory 
demonstrations of this decrement- In the earlier .studies there was an 
almost complete absence of any attempt to control the influence of prac- 
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tice, and for this reason we often find accuracy actually increasing during 
a period of continuous work. Another factor which has tended to 
diminish the decrement apparent in accuracy has been the widespread 
existence of decrement in speed. Subjects have ordinarily been instructed 
to work both rapidly and accurately. Under such conditions it is con- 
ceivable that the subject might allow his accuracy to become reduced in 
order to keep up his speed or he might reduce his speed in order to 
maintain accuracy. That the second of these alternatives should most 
often be chosen is fairly easy to understand. Arithmetical activity has 
customarily been employed, and, in regard to this, subjective norms of 
accuracy are far more definite than are those of speed. The subject who 
makes an error in addition or multiplication is quite likely to notice this 
error and to feel required to correct it before proceeding. Thus, what 
appears in the objective record is a loss in speed rather than in accuracy. 

There is an obvious need for studies of the accuracy decrement in intel- 
lectual work that is maintained at high speed. Such investigations could 
make use of any of the many devices for continuous exposure. The subject 
who received a new problem to solve, a new letter to name, or a new 
syllable to memorize at sufficiently frequent intervals would not have the 
opportunity to correct as he went along. We do not make the prediction 
that under these circumstances accuracy would decrease after the customary 
manner of speed. Indeed, such a prediction would be foolish in light of 
our introspective knowledge of intellectual work. It is well known to 
investigators who have given any attention to work activities that many 
of the delays that crop up are not due to the conscious correction of errone- 
ous reactions or partial reactions. To the subject such delays are fre- 
quently (perhaps more frequently than not) marked simply by the failuic 
of any response to take place. 

Another obvious need is for the investigation of decrements in intel- 
lectual accuracy of functions lacking the definite subjective norms of arith- 
metical calculation. Possibly rapid and continuous work in giving 
reasonably difficult analogies or other relations would reveal a substantial 
decrement in accuraev. 

In summarizing the results of his own experimental investigations of 
intellectual work as well as those of many other students, Thorndike (1914, 
p. 69) makes the following statement: 

The most important fact about the curve of efficiency of a function 
under two hours or less continuous maximal exercise is that it is, 
when freed from daily eccentiicities, so near a strai^ajht line and so 
near a horizontal line. The work grows much less satisfying or 
much moie unbearable, but not much less effective The commonest 
instinctive response to the intolerability of menial work is to stop 
it altogether. When, as under the conditions of the experiments, this 
response is not allowed, habit leads us to continue work at our 
standard of speed and accuracy. Such falling off from this standard 
as does occur is, in the wriler^s opinion, due to an unconscious reduc- 
tion of the injtolerability, by intermitting the work or some part of it. 

There is some reason to believe that this is an oversimplification of the 
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facts. Prior to 1914, \\hen 'rhorndil:e\ st:itenie:it apoeaieil, there were 
few studies of tlic work curve that adcfiuatelr ehnrinatcd the piactice 
effect, and, of course, so loni^ as such an effect is present, deciement is to 
that extent masked or counterbalanced. At least in recrard to speed of 
mental processes it is easy to show that a pronounced decrement can be 
produced as a result of continuous work. In the present writer’s opinion, 
Thorndike’s statement of the influence of feelinjts of intolerability is also 
too simple. In the ei^ograph experiment discomfoit and actual scnsoiy 
pain often occur in greatest intensity early in the work and then recede 
before any marked decrement in output appears. Of course, Thorndike 
is talkinf^: about work of a more intellectual character, such as arithmetical 
calculation, but even here there are other possibilities for the causation of 
decrement than the instinctive avoidance of discomfort. Later we shall 
see evidence that something closely akin to the physiolo{z:ical phenomenon 
of refractory phase may be an underlying factor in decrements in intel- 
lectual efficiency. 

But with all of his oversimplification of the probable causes of decrement, 
Thorndike’s view has been pioductive. Farthei along in the discussion 
from which we have ipioled he proposed that a curve of satisfyingness 
is as legitiniale and inipoitant as a curve of production. In 1917 a paper 
appeared r<‘porting an expeiim(‘ntal study of such a curve. A group of 
29 adults graded printed compositions for approximately 2 hours on each 
of two (lujs. 

The speed of the work was scored by the time required for each 
JO compositions; the quality of the work was scored by the average 
deviation (regardless of signs) of their grades from the aveiagc 
judgment of twenty or more competent gradeis; the satisfyingness 
or tolerability or zest or interest of the work was Hcoied from 0 to 
10 at the end of each approximate twenty minutes, () meaning the 
greatest diHcomforl or distaste or aversion the subject had ever experi- 
enced for mental work in his life; 5, his average enjoyment of mental 
work during the year or so past; and 10, the greatest interest, zeal or 
satisfaction he had ever experienced in mental work or play. 

In a second experiment five individuals did the same work for four hours 
continuously instead of for two htmrs. 

Dividing each individuars work during the 2-hour period into three 
approximately c<iual successive parts, the average errors per composition are 
reported as standing in the proportions: 

100 J03.S 101.6 

The average times stand in the proportions: 

100 97.3 100.6 

'Fhe average degree.^ of satisfyingness in successive sixths were : 

4.4 4.0 3.6 3.4 2.8 2.6 

In the second, or 4-hour, experiment similar results are given for suc- 
cessive sixths in errors and time and for successive twelfths in satisfying- 
ness. ^ 
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Errors : 



100 

99 

9854 

Time: 
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95 

93 


Satisfy! ngncss : 
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Results which agree with the above in showing a steeper and prompter 
decrement in feelings of comfort than in actual production are indicated 
by Figure 15 as given by Poffenberger (1912). Although subjects who 
have undergone a night of enforced insomnia show little diminution in 
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Relation between Feelings and Output 
(From A. T. Poffenberger’s Applied Psychology, 1927, by permission of the pub- 
lishers, D. Appleton & Co., New York.) 


mental ejSiciency as measured by laboratory tests, there is a marked 
decrement present in feelinji;-tone as is shown when they make latinjrs of 
their own tiredness (RobirivSon and Robinson, 1922). 

There thus seems to be a good deal in Thorndike^s (1917, p. 266) con- 
clusion that: 

These facts support the geneial doctrine that the effect of lack of 
rest is far greater upon whatever is the physiological basis of 
interest, willingness, or tolerability, than upon the physiological basis 
of quantity and quality of product produced. Or, in other words, 
the mechanisms detei mining the mind’s achievement are left able to 
do their customary work, but in such a condition that their customary 
action is less satisfying, so that (except for extrinsic motives) the 
individual would relax, intermit, or abandon the action m question. 

We should not assumae, however, that loss of satisfyingness is the only 
cause of decrement in production simply because it appears so promptly 
and so markedly. And we should keep in mind the possibility that loss- 
of satisfyingness tazy, itself, be partially due to loss in productive efficiency. 
The subject who is naming colors or solving arithmetical problems suffers 
from other factors than eye strain, cramped posture, and general bore- 
dom. He suffers also because the color names and the answers simply 
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fail to come forth with customary alacrity. In such a case we have a 
loss of satisfy ingncss which is caused by a loss in productive efficiency 
rather than the reverse. 

Before we turn our attention away from the curves of satisf} inj2:ness, 
there is a factual point that should not be neglected. In none of the 
results cited is there clear evidence of that early deciement followed by a 
relatively level state which has characterized so many of the work curves 
hitherto examined. Thorndike’s curves of satisfyingness approximate 
linearity. There is a slight suggestion of negative inflection toward the 
end of the 4-hour experiment, but there is no more than a suggestion. 
The 2-hour experiment yields an approximately linear function for satis- 
fyingness, This is true not only for the composite of all subjects, but also 
for the separate curves when the subjects arc divided into three groups 
differing in initial satisfyingness. (See Thorndike’s paper, Figure 2.) In 
Poffenberger’s experiment (see our Figure 15), the curve of “feeling” rep- 
resents a continuous 5-hour work period and here again there is a remark- 
able approximation to linearity. A prediction upon the basis of such results 
might be to the effect that satisfyingness typically falls off at a constant 
rate until the work becomes completely unbearable 'whereupon there is a 
collapvse in pioductivc capacity. I'here is reason, however, for questioning 
anv such extrapolation. It is w<*U established that in the performance of 
mu'-cular tasks like ergographic w^ork or distance running, there are periods 
during which satisfyingness no longer decieases. CIrent discomfort may 
follow such periods of “second wdnd,’’ but the point is that there certainly 
are level periods in many curves of satisfyingness. Furthcxmore, the col- 
lapse in productivity may occur after the indivitlual has gone into a state 
of relative numbness during which “discomfort" is distinctly less marked 
than in earlier stages of the work* Such considerations again lead one 
to question the simple notion expressed by 'I’horndike as to the influence 
of satisfyingness upon production, 'Ilie empirical study of discomforts 
incident to continuous work remains highly important and much more 
needs to be done along the lines marked out by Thorndike and Poffen- 
berger; the clean-cut differences between decrement in satisfyingness and 
in output proves that point; but we are hardly in a position to explain all 
or nearly all decrements in output as due to decrements in satisfyingness 
simply because the latter are steeper in the earlier stages of the work, 

Thk Causks of Work Decrement 

We have already introduced one explanation for that decrement in 
efficiency which is so frequently associated with highly continuous work, 
namely, Thorndike^s claim that such small decrements as occur in so-called 
mental work are largely to be explained in terms of the apparently simple 
fact that the individual tends to relax his effort on any task the perform- 
ance of which has become too uncomfortable. But we have suggested that 
this explanation, wffiile true to a degree, is an oversimplification of the 
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facts. We shall now proceed to an examination of what seems to us to 
be the actual intricacies of the matter. 

In the first place, there occur durinp. the performance of continuous 
work certain events that can be treated as chemical phenomena. Where 
and to the degree to which there is muscular movement, there is oxidation 
of the energy-producing material, the glycogen, of the muscles involved. 
There must also be a consumption of material of the active nerve cells. 
Earlier students naturally surmised that such depletions of combustible 
materials were prominent factors in the work decrement; and in certain 
severe cases of exhaustion there is actual evidence of serious depletion of 
these materials. It now seems improbable, however, that the consumption 
of energy supplies to a point where these are insufficient to support further 
work is an important element in those decrements which appear in 
the laboratory performances of the intact organism. Even such heavy 
muscular woik as that involved in arm ergography ordinal ily develops a 
complete decrement before there has been anytliing approaching an exhaus- 
tion of the glycogen necessary for the performance of such work. 'Phis is 
shown by the fact that a relatively slight increase in incentive will ordinarily 
permit the subject to continue far beyond the point at which he ordinarily 
suffers from complete decrement. 

The reasons why exhaustion of glycogen in the muscles docs not readily 
take place are well understood. During work there is a characteristic 
increase in the rate of adrenal secretion, and the endocrine product thus 
deposited in the blood stream stimulates the liver to increase its deposition 
of energy-producing materials that are conveyed to the muscles and com- 
pensate for the accelerated catabolism going on there. Such a mechanism, 
of course, merely prolongs the interval before exhaustion, but before such 
eventual exhaustion can take place there are ordinarily other factors that 
bring about a cessation of activity. We shall speak of those other factors 
shortly. 

The exhaustion of the energy-producing materials of the neurons is 
an even rarer causal factor in work decrements. That refractory phase 
which occurs both for the single neuron and for systems of neurons ap- 
parently provides inactivity of sufficient duration to allow for an almost 
completely rehabilitating anabolism. It is possible that something like 
a true exhaustion of the nerve cells may be brought about by prolonged 
pathological conditions such as disease, enforced insomnia, or extreme 
emotional excitement, but the contribution of such exhaustion to experi- 
mental decrements is almost certainly very slight. 

While it is now generally agreed that ordinary work decrements are 
brought about mainly by factors other than depletion of energy supplies, 
at least one of those other factors is susceptible to chemical description. 
We refer to the action of fatigue products. To quote Ernest L. Scott 
( 1918 ): 

In 1865 Johannes Ranke, then lecturer in the Physiological Insti- 
tute at Munich, published a book of nearly 500 pages in which he 
gave the results which he had obtained from his studies on the 
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physiology of muscle in many nays this book has nevei been supei- 
ceded. Among othei things he heie developed the idea fatigue 
substances. At that time Ranke hiought out the fact tliat fatigue 
is due, at least to a great extent, to something which arises within 
the oigan rathei than to the absence of anything used up by the pro- 
cess of musculai conti action. I'hat is, fatigue is to be explained on 
the basis of a full ash pit lathei than an empty coal bin IIis 
piincipal evidence consisted of the fact that when a fatigued muscle 
was irrigated with an indilfeient fluid, as salt solution, it resinned 
its power of contraction. Now, it vvas argued, since the inigaiing 
fluid could not have supplied anything necessary to the muscle, it 
must have removed something detrimental to it. The substances sup- 
posed to have been removed are the fatigue substances. 

Obviously the next point is their isolation and identification. 

Their identification has been attempted both by chemical comparison 
of fatigued material with resting matciial and by the injection into 
the nonfatigued preparation of substances which are suspected of 
being fatigue substances. . . . 

The story of the development of our knowledge of the chemical nature 
of the fatigue products is an interesting one. It would be outside our 
present purpose, however, to follow it in detail. Instead we shall simply 
present Scott’s summary of the situation at the time his paper w'as 
written (p. 7) 

1. Substances carrying hydrogen ions, as lai’tic, H oxy-butyric 
acids, potassium, dihydrogeii phosphate and carbon dioxide, stand 
as causal agents of fatigue. 

2. Certain products of protein disiiitegiation, as inilol, ^katol, and 
phenol may produce fatigue .symptoms and may he active agents in 
producing normal fatigue. 

3. Theie is some evidence thsit the negative ion of lactic and B 
oxy-butyric acids and that certain positive ions, especially that of 
potassium, are capable of producing certain fatigue phenomena. 

4. There is no evidence that the negative ions of carbonic, phos- 
phoric or sulphuric acids are fatigue substances. 

5. There is no evidence at present for the existence of specific 
fatigue substances as proposed liy Weichardt 

6. There is veiy little probability that creatin or creatinine have 
any relation to fatigue or to muscle work in general. 

7. There are no doubt numerous bodies, as purine bases, uric 
acid, etc., which may be increased by work, but which have no causal 
bearing on fatigue. 

There are two ways in which the fatigue products may act to diminish 
efficiency. In the first place, they undoubtedly have a direct and depres- 
sing influence upon muscular and nervous tissue* Evidence for this is 
especially good in regard to striped muscles* Muscle preparation when 
irrigated with solutions containing lactic acid or its salts will first show aug- 
mented contractions and then an abnormally early decrement (Lee, 1907). 
In the second place, these toxic substances undoubtedly act as stimuli to 
the receptors terminating in the striped muscles of the intact organism* 
As a result, sensations of fatigue are aroused which tend to instigate 


should be kept in mind that this analysis is based upon results from cxclsvd 
nerve-muscle preparations. 
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relaxational behavior. It seems possible also that there are stimulus- 
response connections of this general type in which there is no awareness 
of definite fatigue sensations. 

It is safe to say that, in work decrements secured in the laboratory, 
the presence of fatigue products is almost always a more important cause 
of decrement than is exhaustion of energy-producing materials of the active 
tissues. There is considerable uncertainty, however, as to the degree to 
which these toxins operate directly upon muscle and nerve and the degree 
to which they operate indirectly as sensory stimuli. There is reason to 
believe, further, that fatigue products have a larger part in producing 
decrements in weight-lifting, running, and other activities involving the 
vigorous operation of large muscles than in such work as mental multiplica- 
tion, though there is no ground for concluding that they are totally inef- 
fective in the latter case. Such a correlation is natural in light of what is 
known about the relative amounts of oxygen consumed in work of various 
types. 

Over and above the chemical facts of exhaustion and toxicity, there are 
a number of fundamental piinciples of neuromuscular action which we 
may be quite sure are involved in the production of the work decrement. 
These principles are not to be thought of as independent of chemical 
action or as insusceptible to the application of chemical hypothesis. At 
present, however, our formulation of them is safer if carried out in terms 
of the gross reactions of neuromuscular systems. 

Many writers have been aware of the fact that the causes of decrement 
run beyond the relatively simple factors of exhaustion and toxicity. An 
outstanding attempt to formulate these factors was made in 1917 by 
Dodge, Thorndike, it is true, had stressed the importance of discomfort, 
but, as we have already pointed out, his treatment of the problem was not 
very penetrating. In 1926 the writer felt that, by taking the general 
analytic attitude defined by Dodge’s paper, it would be possible to 
elaborate his description of the factors presumably involved in the work 
decrement in such a manner as to give greater logical coherence to this 
whole field. The outcome of this opinion was the statement of seven 
factors or principles of work decrement over and above exhaustion and 
toxicity. These seven factors all seemed highly probable at the time of 
their formulation, though they differed considerably in the substantiality 
and definiteness of their experimental bases. Since the writing of that 
paper, new experimental results have come to hand which have im- 
portant bearings upon those principles and these we shall introduce in 
connection with the following statement of the principles. 

The terminology of the ensuing discussion is, like Dodge’s, that of 
stimulation and response. There may be objection that such terminology 
imposes unnecessary limitations upon the conception of work decrement, 
unless stimulation be carelessly taken to mean any antecedent psychological 
activity and response any psychological consequent. It is possible (though 
hardly proved) that there may be chains of cortical activity each setting 
off a successor without specific determination coming in through sensory 
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channels and that, if this is the case, there are other than stimuIus-\^onse 
relations capable of undergoing decrement. This possibility is ha^f^ 
sufficient importance, however, in connection with objectively measuir’afele..- 
activities to warrant an avoidance of the useful ,s^imi/Uitron-u\^po/ise con- 
ception. 

Principle 1 : The work decrement of n (piven S-R. {htimulaiion-f espouse) 
connection is relative to the recency of the previous f unciioniiuf of that 
connection. This is simply the familiar law of refractory phase. Its 
isolation is well exemplified by such an experiment as that of Dodge (1913) 
on the protective wink reflex. In this studv it was shown that, as in the 
case of the simpler laboratory preparations, a reaction of the intact organi^m 
is resistant to early repetition. It was also shown that the refractor) phase 
is not absolute as had been claimed by Zwaardemaker and Lans. On the 
contrary, as the time interval between stimulation and restimulation in- 
creases, there is a gradual increase in the probability of occurrence and in 
the completeness of the repeated response. 

Dodge has suggested that the relative refractory phase which is readily 
demonstrable in nerve and muscle ti.ssue may be present in the more 
elaborate mental processes as well as in reflexes. He (1917, p, 103) 
points out that: 

Repetitions of all .sorts tend to he avoided whenevei practicable. 

The repetition of questions, courses, lectures, phrases, and even words 
is possible enough, but except for special re-enforcing circumstances, 
it is postponed until the effect of the initial case is somewhat worn off. 

In this connection one might cite the experiments, such as that on re- 
versible perspective, where the perceptual process tends toward variety 
rather than repetition. Another relevant experiment is that in which the 
subject concentrates for a period on a word, whereupon the word seems 
to lose or change its meaning. Binocular rivalry offers still another illus- 
tration of the general resistance to repetition. 

In an investigation of associative process Thorndike (1927) obtained 
results which seem to be a reflection at a high level of something much like 
refractory phase, if, indeed, it is not the same phenomenon. Subjects were 
required to write a number between 0 and 9 every time a word was heard. 

A word was given every 2^4 seconds. The subjects were given no direc- 
tions either to vary the numbers used or to keep them constant. An effort 
was made to avoid suggestion along these lines by telling the subjects that 
the experiment was one on ''thought-transference and other proWems/' 
The theoretical chance for a repetition like 00, 11, 22, etc., was 1 in 
10, but the actual repetitions given were much fewer than would be 
secured by chance distribution. In only one of six subjects were the repe- 
titions more thari half the chance expectancy. In another experiment, in 
which the time interval between the stimulus words was increased to 5 
seconds, there was still a resistance to repetition but not as stiong a re- 
sistance as when the time interval was shorter. I'horndike is very 
conservative in considering the possibility that we here have a demon- 
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stration of the influence of refractor)^ phase upon hip:her processes. He 
suggests that the subjects may, after all, have considered it improper to 
repeat too frequently. He cites the fact that the avoidance of sequences 
increased from day to day, which is difficult to interpret in terms of what 
is now known about refractory phase. He also points out that the 
tendency to avoid repetition was almost as strong with the 5-second inter- 
val as with that half as long. The first point ought to be decided with a 
group of competent introspectors as subjects. The second point is not 
necessarily decisive. Whereas refractory phase for the nerve trunk is short, 
it is longer for the reflex arc, and it is altogether likely that it becomes 
much longer as we get to the more highly integrated systems. 

That Thorndike’s results were due to the operation of refractory phase 
at the level of associative response is given support by an experiment per- 
formed b) Telford (1931). His subjects were directed to write down the 
first of the numbers from 1 to 10 which came to mind when they heard a 
nonsense syllable. Syllables were read off at varying intervals. One ex- 
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FIGURE 16 

Percentage of Sequences with Different Time Intervals between Stimuli 
(From C. W. Telford’s *‘The Refractory Phase of Voluntary and Associative 
Responses/* /. Exper^ Psychol, 1931.) 
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periment wfls performed witli three jounp; girls, age<l S, 10, find 11 years. 
Another was performed with 31 graduate students. The number of re- 
peated responses was calculated for each of the seveial time intervals. 
In Figure 16 we have the relationship between percentage ot repetition and 
time interval (seconds) between stimuli. The fact that the tendenej' 
against repetition varies with the time interval would favor some more 
fundamental explanation than the thought on the part of the subjects 
that they ought not to repeat. 'I'his is especially true in the case ot the 
younger subjects. It seems probable that the use of gi eater time intervals 
would ultimately have resulted in a decrease in the nurnber of repetitions. 

In another experiment 'I'elford studied serial reactions to simple audi- 
tory stimuli, the stimuli occurring at intervals of 1, 2, and 4 seconds. 
Figure 17 gives the relationship between stimulus intervals and reaction- 
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Mean REACHON-'J^IMK with VARYINO Tim¥. 1MTKRVAI.S BK'mKEN STIMULI 
(From C, W. Telford’s “The Refractory Phase of Vtduntary and Associative 
Responses,’’ J. Kxper. PsychoL, J931.) 

time from the pooled results of 29 graduate students, llie J/^^-second 
period falls within the relative refractory phase, while there is a facilitative 
effect at the intervals just above. 

Garrett (1922) had found that in lifting weights and in judging linear 
magnitudes and handwriting specimens accuracy is greatest when the 
judgments are made at a 2"second rate. From 2 seconds down, accuracy 
falls off rapidly; from 2 seconds up, it falls off more gradually, llnis, a 
rate of something below 2 seconds would seem to bring the process of 
judgment within a refractory phase. At 2 seconds we presumably have 
facilitation and beyond that a slow return to normal efficiency. Telford 
had 25 members of a class in general psychology make continuous judg- 
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merits of linear magnitudes, the standard line always being 30 mm. and 
the comparison lines being 33, 31, 29, and 27 mm. 

Figure 18 gives the relationship between intervals between judgments 
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FIGURE 18 

Accuracy Curves for Judging Lengths of Lines with Varying Time Intervals 

BETWEEN Judgments 

(From C. W. Telford’vS “The Refractory Phase of Voluntary and Associative 
Response,” /, Rxper, PsychoL, 1931.) 

and percentage of judgments accurate for the various comparison lines. 
The general drift of the results is clear. The shortest interval seems to 
bring the judgment within the refractory phase established by the preceding 
judgment. There is also evidence of an intermediate interval at which 
there is a facilitative effect. 

Whatever be the accurate interpretation of these experiments, it is clear 
that there are barriers to repetition even at intellectual levels. The only 
serious question seems to be whether it is legitimate to identify such 
resistance with refractory phase in general. This is largely a matter of 
definition. Historically, according to Verworn (1913), the phenomenon 
was first noted for heart muscle. Since then, as we have pointed out, it has 
been found in nerve trunk and reflex arc as well. And, in spite of the fact 
that these several instances of refractory phase liave shown marked differ- 
ences in duration, there has been no hesitancy in grouping them together. 
There is no implication that their chemical basis is absolutely iJenticaL 
It has simply^ been convenient to emphasize the general functional fact 
that reactive tissue and systems of tissue are resistant to early restimulation. 
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Under these circumstances of customary usage there would seem to be 
little reason to exclude from the conception of refractory phase the plain 
fact that the higher processes have an analogous resistance to repetition. 
So far as the writer is aware, no one has suggested that simple or accumu- 
lative^ refractory phase is the ‘‘sole explanatory piinciple’^ of mental 
fatigue, a theory subjected to criticism by M. F. Robinson (1931). 

It is important to note that refractory phase is both a work decrement 
and a mechanism that minimizes work decrement. We have already no- 
ticed that the prompt resistance to repeated action offered by nerve 
tissue renders exceedingly difScult the attainment of a true nervous exhaus- 
tion. In a similar manner the refractoiy phase manifested by all tissue 
and systems of tissue is a protection against a more serious decrement that 
would develop if the drain upon energy-supplies were continuous. 

Pf'inciple 2; The work decrement of a given S-R connect W 7 i is relative to 
the frequency of the previous functioning of that connection. The W'ork 
curves of psychology and physiology do not represent the resistance to repe- 
tition brought about by a single act. They thus give little information 
about refractory phase as formulated in our first principle. Instead these 
curves represent the development of decrement as a consequence of an 
accumulation of repeated reactions. It is easily conceivable that an S-R 
connection having a pronounced resistance to repetition w’ould show no 
accumulative decrement. Such a case would simply be an extreme illus- 
tration of the protective function of an immediate decrement against 
a more permanent, accumulative effect. On the other hand, since many 
work curves do show a decrement, it is clear that the resistance offered 
to each successive repetition of an act is by no means a complete protection 
against an accumulated resistance. Indeed, tlierc is reason to believe 
that this accumulative decrement may be more important than most work 
curve studies would indicate. The favorite activity utilized by psycholo- 
gists in such investigations has been some form of arithmetical operation, 
but such work does not consist of a series of repetitions of essentially the 
same acts. It consists rather in the performance of a class of acts called 
adding or multiplying within which class there may be a wide variety of 
specific acts. For example, in mental multiplication, one multiplies 7 by 
6, then 5 by 3, then 9 by 8. There is usually a considerable period before 
one returns to a genuine case of repeated response. It is no wonder then 
that an investigator like Arai (1912), doing 4-place by 4-place mental 
multiplications, found only a relatively moderate accumulative decrement. 
The tacit assumption of her study and that of many others was that the 
work ought to show marked decrement simply because it was difficult, 
but she might equally well have guessed that it would show little decrement 
since actual repetitions are so widely spaced temporally as to allow for an 
extraordinary amount of recovery during work. 

At the beginning of an investigation reported in 1926, Bills and the 


'See our Principle 2. 
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present writer sought a psychological activity in which the factor of actual 
lepetition could be made more prominent than it had been in most of t^:e 
previous experiments. We selected the writings of groups of alphabeti- 
cal sequences like ahabah^ or abcabi, or abLdejah( clef , Heie we had not 
only work of a high degree of homogeneity (repetitiveness), but also other 
cases where the homogeneity v'as measurably less. If our hypothesis that 
a fundamental condition of accumulative decrement is amount of actual 
repetition, then we should find that this decrement shows a regular de- 
crease as the work done contains more diffeient elements or letters. 

We shall not go into the detailed arrangements of this experiment. 'Fhe.e 
are described completely in the paper cited. Suffice it to sav that 24 adult 
subjects went through three cycles of experimentation duiing each oi 
which every subject performed at least once under every experimental 
condition. The individual work periods weie 20 minutes in length, a 
mark being made at the end of each minute of writing. Efficiency was 
measured in terms of letters per minute. 

The differences in efficiency between the first and tenth minute of 
work w'cre determined foi three degrees of heterogeneity, i.e., for the 2-let- 
ter, 3-letter, and 6-letter sequences. These differences can be considcied as 
measures of decrement magnitude. After inspecting our work curves, we 
selected the tenth minute as representative of the maximal decrement. 
Beyond the neighborhood of that point, the curves either continue at about 
the same level or show an actual rise. Almost the same results were 
obtained, however, by determining the decrement in terms of the difference 
between the first and poorest minute of work in a given curve. 

In Figure 19 there are plotted for the three cycles of the expeiiment the 
relationship between the homogeneity of the work, as measured in terms of 
the number of letters involved, and the magnitude of the decrement, as 
measured by the difference between the production of the first minute and 
that of the tenth. All cycles agree in showing decelerated functions 
representative of the relationship between the heterogeneity of the work 
and its resistance to accumulative decrement. The experiment thus con- 
firms the expectation. 

While the writing of letter sequences develops a decrement in speed, 
another important change is also taking place. The writing is increasing 
in size. Work curves were constructed in terms of these size change.i 
and they are .shown in Figure 11 of the original paper. For the present 
purpose, the most important point about them is that their decrements 
are about the same for the three conditions of experimentation. So w^c 
may eliminate the size change as an important complicating factor in the 
interpretation of the results on speed. 

In the investigation now under discussion, an effort was made to test 
the generality of the above findings regarding homogeneity and work 
decrement by setting up another set of tasks which, while differing con- 
siderably from letter-writing, should, like letter-writing, present a con- 
tinuous series in respect to some definite meaning of homogeneity. We 
were limited in the work that might be studied because of this purpo.e 
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O 2 3 6 

Number of Letters 

FIG URIC 19 

Relationships between Degrees ov Heterogeneity ani> the Work Decrements 
Horizontal axis represents degrees of heterogeneity in terms of number of letteis 
involved. Vertical axis represents decrements in terms of difference between 
number of letters written in first minute and number of letters written in tenth 

minute. 

(From E. S. Robinson and A. G. Bills’s Factors in the Work Decrement,” 

J, Kxper. PsycIiaL, 1926.) 

to be definite. The activity finally decided upon was sugp:ested by the 
familiar color-naming test. As mentioned in another connection, we found 
it desirable to use letters on the card instead of colors in order that we 
might work with more elements; there are so few colors having well- 
established names. 'The 5 types of cards in our experiment represented 5 
degrees of homogeneity-heterogeneity. One type contained 2 different let- 
ters; another, 4; another, 8; another, 16; and another, 24. Twenty suc- 
cessive readings of a given card took place at an experimental sitting. 
I'hc set was for speed. Errors were rare and were, therefore, not re- 
corded* Inefficiency appeared almost always simply as an inability to call 
a letter by name. Eighteen subjects went through all conditions of 
experimentation four times and the results are the pooled performances of 
this group. 
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We determined the decrements for the different tasks by securing the 
difference between the rate of the first reading and that of the last, or 
twentieth. The decrements were determined in respect to the relation of 
these end-points because, in those curves which showed the decrement most 
markedly, there was no indication that the decrement tended to cease 
before the completion of the 20 readings. In Figure 20 we have plotted 



FIGURE 20 

Curves Showing Relationships between the Degrees of Heterogeneity and the 

Work Decrement 

Hori 20 DtaI axis represents degrees of heterogeneity in terms of number of letters 
involved. Vertical axis represents decrement in terms of difference in time required 
for first reading of card and for twentieth reading. 

(From E. S. Robinson and A. G. Bills’s ^‘Two Factors in the Work Decrement,” 
J. Exper, PsychoL, 1926*) 

for the 4 cycles of experimentation the relationships between the work decre- 
ments and the homogeneity-heterogeneity of the work. The functions 
secured are unequivocal. There is in general a decelerated relationship 
between heterogeneity and resistance to decrement. In each of the first 
^0 cycles there occurs a first-order inversion of this relationship, but even 
in these cases the general trend of the functions is as stated. 

Thus, in an experiment involving a new type of activity and a wider 
range , of homogeneity-heterogeneity, we were able to confirm the essential 
results obtained with letter-writing. 

The point might be made that, even though we have been able experi- 
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mentally to demonstrate that accumulative decrement is a function of the 
amount of actual repetition, i.e., of the homogeneity of the woik, it was 
necessary to arrange tasks of highly artificial character in order to do this* 
In other woids, while the decrements in the above laboratory tasks were 
related to homogeneity, it is possible that this apparently fundamental 
variable is ineffective in work of less artificial character. Important evi- 
dence upon this question is supplied by Poffenberger (1927). He used 
four types of work; (1) continuous addition, (2) ]ud()ment of compost- 
sitions, (3) completion of sentences, and (4) intelligence tests. Sufficient 
uniform material was provided for about 5 hours of continuous woik. 
The work curves secured from these several tasks are plotted in Figure 21. 



FIGURE 21 

Work Curves for Successive Sections of Work Expressed in I'erms of Percentage 

OF Score in Section 1 

Task 1 is continuous addition; Task 2 is in terms of errors in addition; Task % 
is completion of sentences; and Task 4 is intelligence tests. 

(From A. T. Poffenberger’s “The Effects of Continuous Mental Work/’ A met, 

J, Psychol, 1927.) 


The only curve showing a definite decrement is that for addition, the 
activity presumably having the greatest homogeneity. Work on the intel- 
ligence tests, which was heterogeneous in nature, did not produce suffi- 
cient decrement to compensate for a pronounced practice effect* The 
other two activities would seem from superficial examination to have an 
intermediate degree of homogeneity and they are approximately horiscontal. 
Poffenberger raises the question as to whether the differences he obtained 
might not be explained in terms of the more frequent opportunities for a 
*‘let down’’ or rest in the most varied work. In the intelligence tests ^!one 
has to turn pages, pass from one problem to another, and from one kind 
of work to another” (p. 296). This possibility would lend itself to 
experimental test. In the meantime, in light of the results obtained with 
letter-writing and letter-reading, it seems somewhat more likely that the 
Poffenberger experiment is another illustration of what is, perhaps, the 
most fundamental factor in accumulative decrement, namely, homogeneity 
or repetitiveness. 
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Before passing on to our third principle of the work decrement, there 
is an interesting point about the work curve which is customarily neg- 
lected by students of this subject. The work curve is plotted in the same 
coordinate system as the learning or practice curve. One axis in each case 
represents efficiency and the other frequency of repetition. Several writers 
have recently taken the pains to point out that greater frequency does not 
always strengthen an associative connection, that even the reverse may be 
true [as, for example, Dunlap (1928), Kohler (1929), Thorndike 
(1931)]. The very existence of the woik curve with its typical accumu- 
lative decrement not only proves that this is the case, but also proves that 
it should have been recognized by experimentalists as a commonplace. 

Principle 3: The wotk decrement of a cfiven S-R connection is relative 
to the connections existing hetzveen that S and other R's» This is the 
principle of competition. Let us assume that a given 5 has acquired the 
capacity to instigate either of two responses, A^t and Ao, but that the 
connection with Ax is slightly the stronger. Now suppose that there is a 
frequent occurrence of S, At first the response instigated will be Ai, 
but, as repetition increases, Ri will be less and less likelv to be aroused 
(see principle 2). As a result, the connection between S and A^ will 
have gained in relative strength, so that Ao, if inconsistent with Ai, will 
tend to block it or perhaps to occur in its stead. 

It is to be noted that the principle of competition would not produce 
decrement without such principles as those of refractory phase and accumu- 
lative frequency, but, since refractory phase and accumulative frequency 
may be important factors in decrement without being associated with 
competition and since the results of refractory phase and accumulative 
frequency are different when competition is present, we need this separate 
formulation of a principle of competition. 

In the investigation previously cited, Bills and the writer (1926) sought 
to secure an experimental test of the independent importance of compe- 
tition. We asked ourselves whether there might not be situations in 
which more heterogeneous work, because of the greater possibility of com- 
petition introduced by heterogeneity, would show a greater decrement 
than less heterogeneous work, notwithstanding the larger amount of 
repetition present in the latter. We thought that this might be true if 
a comparison were made of the decrements in repeated movements of one 
finger and in alternating movements of two or three fingers. Such tasks 
were performed on the typewriter. The same fingers were, in the course 
of the experiment, represented in the three varieties of work, so that the 
fundamental variable was the number idi fingers involved in a given 
reaction-system. 

The work curves secured for the three types of work are given in 
Figure 7 (p. 586). The slightly greater irregularity of the 3-finger 
work is purely a statistical matter; for technical reasons described in our 
original report fewer samplings were taken of this particular task. It , is 
plain from an inspection of these curves that the decrement is at least 
as great for the more heterogeneous tasks as it is for the more homogeneous. 
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From the first to the twentieth line there is a deLreiiient oi about 1.1 
seconds in speed of the 1 -finger work, of about 1.6 seconds in the 2-finger 
work, and of about 1.3 seconds in the 3-letter work. While these results 
do not show a markedly greater decrement for the mure heterogeneous 
tasks, they clearly indicate that in work of this tNpe the homogeneity- 
heterogeneity factor does not operate as it did in the earlier experinients. 
It looks as though the decrement pioduced in the 1 -finger woik by \irtue 
of its homogeneity were at least eiiualled by the decrement which hetero- 
geneity, presumably by increasing the competition factor, produced in the 
2- and 3-finger work. 

Thus far we have dealt with the influence of this factor of com- 
petition upon decrements in speed. Competition is even more important, 
however, in connection with accuracy. In Figure 22 we haye plotted the 
work curves in terms of accuraev for our thiec varieties of finger move- 
ments. The errors consisted of wrong letters struck and of failures to 



FlGtlRR 22 

Work Curves — First Trials 

Horizontal axis represents successive lines written, Vertical axis represents total 
number of errors per line. Curves are totals for 21 subjects. 

(From E. S. Robinson and A. G, Bills’s “Two Factors in the Work Decrement/^ 
y, Exper, Fsychot.f 192d.) 

carry the key down to actual impres\sion. In this case, it is clear that the 
presence of competing responses affects not only the average level of 
accuracy but also the magnitude of the decrement in accuracy. 

Freeman and Lindley (1931) have found increasing muscle t<mc and 
increasing restlessness with continuous muscular work of the finger and 
with continuous addition of 4-place numbers, lliey interpret restlessness 
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as the manifestation of increasing competition and tonus as the mechanism 
by means of which the decrement that might result from this competition 
is offset. In so far as their interpretation is correct, it further emphasizes 
the place of competition as a factor tending to produce or to augment the 
work decrement. 

Principle 4: The work decrement of a given S-R connection is relative 
to the strength of that specific connection. We should expect this to be 
true from what we know about competition. It an S-R connection were 
weak, we should expect it to suffer interference upon the occurrence of 
the slightest hesitancy in the operation of the connection itself. On the 
other hand, if the connection were strong, we should expect that there 
might be some considerable diminution in its underlying efficiency before 
competing responses could block it or replace it. 

The commonest factor in increasing the strength of an S-R connection 
is practice. If the above principle is valid, there should thus be a general 
decrease in susceptibility to decrement with increasing practice. So fai 
as we know, this pioposition has not been put to an experimental test for 
a simple, relatively isolated S-R connection. Results are nevertheless 
available for a reasonably simple form of behavior, namely, the con- 
tinuous writing of ababab, etc. In a recent paper by Glaze (1930) it was 
shown that the decrement for such an activity does decrease with practice. 
One of his subjects performed at this task 20 minutes a day for 36 con- 
secutive days, another for 32 days, and a third every other day for 23 
days. In the case of all three subjects the decrement was much more 
pronounced during the first 5 days than it was later. Florence R. Robin- 
son and the writer (1932) have also studied this matter. In our experi- 
ment 10 subjects each wrote ababab^ etc., 20 minutes a day, 5 days a week, 
for 3 weeks. In Figure 23 we have plotted practice curves for the first, 
tenth, and twentieth minutes of work. The decrement on any given day 



FIGURE 23 

Practice Curves for the First, Tenth, and Twentieth Minutes of Work in 
Terms of Speed of Writing 

<From E. S. Robinson and F. R. Robinson’s “Practice and the Work Decrement,” 
Aner. Psychol, t932.) 
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is equal to the distance at that day between the curve for the first minute 
and those for the tenth and twentieth minutes. The gieatest decrement 
is in the early days of experimentation, after v\hich the curves convcr< 2 :e. 
An exception occurs in the case of the first day, hut that can readils be 
explained as due to the fact that practice was at that time causinjt such a 
rapid increase in efficiency that the decrement which mi«:ht otherwise have 
appeared during the first day was largely’ obscured. 

Principle 5: The work decrement of a yiven S-R connection is relative 
to the qualitative integrity of the S throughout the work period during 
which the decrement develops. In the first two principles the assump- 
tion was made that we were dealing with simple S-R connections or con- 
nections whose complicating features are functionally insignificant. In 
the third principle, with its reference to the role of competition, we 
assumed that a given S might actually be connected with a number of 
In this fifth principle we assume that S is not, or at least need not be, 
identical throughout the period represented by a single work curve. It 
is generally acknowledged that, during practically all work of the intact 
and integrated organism, the work itself produces qualitative changes in 
the stimulational circumstances under which the work is done and that 
such changes may be important factors in decrement. Perhaps the most 
obvious example is that of heavy muscular work, such as ergography. 
Kinaesthetic stimulation begins to change in character in the earliest stages 
of the work period. 

The influence of changing conditions of stimulation is, of course^ fre- 
quently in the direction of increasing the decrement. This is likely to be 
true where the new elements among the operative stimuli act to arouse 
pain. It will be remembered from our earlier discussion that Thorndike 
has emphasized occurrences of this type to the point of claiming that they 
are the chief causal factors in the work decrement. While we need not 
go to such extremes, it is certainly true that the introduction of such a 
factor as sensory pain can and often does accelerate the appearance of a 
decrement. 

This fifth principle is not quite so simple, however, as its superficial 
examination might indicate. There is reason to believe that such alter- 
ations in stimulation as the work itself produces may actually operate to 
postpone or to diminish decrement. Evidence is available that the sensory 
processes accompanying tiredness may have such a facilitative effect that 
decrements which we should naturally expect fail to appear. To put the 
matter very simply, the subject seems to realize that he must step up his 
effort in proportion to the discomforts present in the work. 

Although it is not to be deduced from the third or fourth principles, 
the detailed operation of the fifth may reveal the simultaneous and closely 
related operation^ of the former two. The alteration of the S wduch is 
produced by continuous work may influence the efficiency of action because: 

1. The new condition of stimulation may mean the addition of some 
competing responses and the elimination of others, or, 

2. The new condition of stimulation may mean a change in the strength 



618 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


of the connection between stimulation and the desired response. For 
example, the tendencj^ to lift a weight upon the signal of a metronome 
might be weaker if the total stimulational situation were such as tc 
introduce muscular pain. 

Principle 6: The work decrement of a given S-R connection is relative 
to the quantitative constanev of the S throughout the work period dunne, 
which the decrement developis. The continuous operation of an S-R con* 
nection may produce a deciement of a certain magnitude so long as that 5 
remains at the same intensity. But the decrement may be diminished or 
augmented if there is an alteration in the intensity of S, It is possible 
to conceive of such an alteration in intensity as merely a special case under 
the wider, qualitative, fifth principle. Nevertheless, there is an element of 
safety in the formulation of separate qualitative and quantitative principles. 
The sixth principle is presumably related to the third and fourth principles 
as is the fifth. (See 1 and 2 above.) 

Such experimental acquaintance as we have with the fifth and sixth 
principles comes largely from the fact that, although we seek to keep 
stimulational conditions constant during investigations of work, we know 
that they do not actually remain constant, and, especially from the sub- 
ject’s repoits, we know some of the changes that take place. But we 
have few instances in which stimulational conditions have been purposely 
changed in order that the effect of such changes upon decrement could be 
measured. Crawley (1926) found that subjects who know how well 
they sare performing on the ergograph will do more work, i.e., will be 
more resistant to decrement, than subjects who are not aware of the level 
of their performance. Yochelson (1930) found that the presence or 
absence of an audience influences the ergographic worker in similar fashion. 
Both investigators found that such resistance is at the expense of prompt 
recuperation after the work period. Studies of this type need to be 
extended. It should be profitable also to study the influence upon 
decrement of systematic and well-defined changes in the stimulational 
conditions of work. In the case of continuous letter-naming or color- 
naming it would be easy during the progress of the work to alter the 
simple physical characteristics of the stimuli in an attempt to retard or to 
hasten the appearance of the decrement. 

Principle 7 : The work decrement of a given S-R connection is relative 
to the decrements that have developed in other S-R connections* This 
principle is an expression of the well-established fact that there may be 
transfer of decrement from one connection to an essentially different one. 
It is also well established that, if the decrement in one connection is pro- 
found enough, the transfer will be very wide. In extreme cases we have 
general exhaustion. 

Concerning the more specific determiners of transfer of decrement we 
are still largely in ignorance. We do have, it is true, the theory that the 
transfer of ‘^fatigue” depends upon the presence of common elements in 
otherwise different functions. But this theory has a discouraging cir- 
cularity since the final test of the presence of common elements in twe 
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activities seems to hinge upon Avhether and to what extent there is a trans- 
fer of decrement between them. Another theory of transfei of decrement, 
which is still taken seiiously hy some writers, holds that the difficulty of 
the first task rather than its qualitative nature is responsible for such 
decremental influence as it may have upon the subsequent task. At first 
glance this theory would seem to be susceptible to experimental investi- 
gation. But the haziness of the conception “difficult” lenders it actually 
elusive. Perhaps supporters of such a theory, if pressed, would be foiced 
to admit that the only sure criterion of difficulty in their sense is the amount 
of transfer of decrement from the activity under question to other acti- 
tivities. In such an event this theory would become as tautological as 
the common-element theory. But, in spite of all of these ambiguities, the 
fact of transfer of decrement still remains a fact and more precise knowl- 
edge about it awaits only a sharper conception of the problem. Most 
experimental studies of transfer of deciement have been so set up that, 
no matter what the results, they could not be understood. So long as we 
study and argue about the influence of basketball practice upon multipli- 
cation or of multiplication upon translating Ciennan, we shall have to be 
content with findings which may confirm the principle of transfer (which 
no longer needs confirming) but which add practically nothing to our 
systematic knowledge about it. 

Real progress on this general problem has iccently been made by Bills 
and McTeer (1932). Without accepting the common-element theory as 
a single principle underlying all transfer, thej. have taken the theory 
as setting a definite empirical problem. If two tasks are so made up that 
something which they may have in common can be experimentally con- 
trolled, will there then be any relationship between amount in common 
and amount of transfer of work decrement? These investigators utilized 
the method of writing alphabetical sequences. The conditions of experi- 
mentation were as follows : 


C^mntant task Alternate task 

Condition I — All elements in common — Write abcabc, etc. Write abcabc, etc. 

Condition II — elements in common — Write aheabe, etc. Write ahdahd, etc. 

Condition III — One element in common — Write aheabe^ etc. Write afeafe, etc. 

Condition IV — No element in common — Wute aheabe^ etc. Write defdrf, etc. 

Conditio n V — Control condition — Write aheahe, etc. Rest 

Instead of having the subject work for a long period at the constant task 
and then for a long period at the alternate task, the two tasks were alter- 
nated every minute for 16 minutes. Twenty graduate students in psy- 
chology went through all five of the conditions five separate times. 

The results were treated in two ways. In one case there was computed 
the total amount of the constant or standard work done under each of the 
experimental conditions. In the other case work curves were constructed 
for the alternate minutes of the standard task under each of the experi- 
mental conditions. In Table 5 are presented results obtained by the first 
method. 
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TABLE 5 

Total ahc Units Written 


Common elements 

All 

Two 

One 

None 

Rest 

Cycle I 

6508 

7280 

7516 

7934 

8138 

Cycle II 

8304 

8360 

8552 

8782 

8855 

Cycle III 

8922 

9115 

9142 

9110 

9275 

Average 

7911 

8252 

8403 

8609 

8756 


It is clear that the more elements there are common to constant and 
alternate task the more deleterious is the influence of the latter on the 
former. What we actually have here is not the transfer from one per- 
formance of one task to one performance of another but an average trans- 
fer from many performances of the alternate task to many performances of 
the standard abc task. There is no reason, however, to question the results 
on that account. What holds good in this experiment would probably hold 
good also if single alternations were made of long unbroken periods of two 
tasks. 

Results from the second method of calculation appear in Table 6. The 
actual work curves are not given, but their decrements are given in terms 
of the drop in efficiency from the first four performances at the constant 
abc task to the last four performances of that task. 


TABLE 6 

Relation of Last Four Minutes of ahc to First Four Minutes of Same Task — 
Minus Means Decrement, Plus Means Increment 


Common elements 

All 

Two 

One 

None 

Rest 

Cycle I 

--176 

— 66 

—31 

+23 

+75 

Cycle II 

—152 

—140 

—61 

—39 

+40 

Cycle III 

—225 

..-100 

—65 

—55 

+75 

Average 

—185 

—102 

—52 

—24 

+63 


Again the results are clear. There is a direct and consistent relation 
between the number of elements common to the two tasks and the amount 
of decrement transferred from the variable to the standard. 

One might accept this experiment of Bills and McTeer as a proof of the 
general theory that transfer of decrement is caused by the involvement in 
the second task of part-activities which had already undergone a decrement 
in the first. On the other hand, one might accept the results as demon- 
stration of the fact that, among other things, decrement transfer is a func- 
tion of the particular type of partial identity which was here under experi- 
mental control. This would leave the question quite open as to whether 
there are not other factors than partial identity which influence transfer 
of decrement. It would also leave open the question as to whether there 
are not other kinds of partial identity which influence transfer of decrement. 
Whereas a conventional form of the common-element theory assumes that 
all types of partial identity reduce to number-of-neurons-in-common, it 
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is not at all necesbary to make this assumption and it is safer not to do so. 
As far as the controllable features of the situation are conceined, there are 
various respects in which two activities can be paitially identical, and the 
scientifically profitable program should be that of instituting just such 
controlled variations as Bills and McTeer have done in order to discover 
which of the possible varieties of partial identity aie effective. For ex- 
ample, it would be possible in the letter-naming experiment to alter the 
letters with respect to color, size, and arrangement as well as with respect 
to the letters themselves. 

While we have rejected the general common-clement theory in favor 
of a program of investigating the actual influence of the several varieties 
of partial identity, it is clear that the older theory suggested the empirical 
program. It is likewise possible that a valuable experimental cue may be 
secured from the ‘‘difficulty” theorj'. It seems probable that the amount 
of decrement transfer is under certain circumstances related to the energy 
transformation involved in the first task. This is certainly the case where 
that first task has been carried on to a point approaching the actual 
exhaustion of the organism. It would seem to us that the needed experi- 
ment is one in which a task involving greater oxygen consumption shows a 
greater decrement transfer to a standard task than that obtained from the 
earlier performance of that standard task itself. 'Phis would demonstrate 
that a general factor like oxygen consumption may be more important than 
a specific factor such as letters-in-common. Of course there should be 
an equal interest in positive findings in regard to any other general factor 
in decrement transfer. We might, for example, expect severe sensory 
pain sometimes to have such a general influence, 

WARMrNO-tJp 

In addition to the decrement, there are three other features that are 
frequently mentioned as characterizing the curve of continuous work. One 
of these is initial spurt, which is simply a high level of efficiency at the 
beginning of the work from which there is an almost immediate drop. It 
seems to us, however, that this is a misnomer. What we need to explain in 
curves having this feature is not so much the early high point, or spurt, as 
the sharp initial drop; And, if we seek to explain the latter, we shall 
have simply a case of early decrement which in all probability will be best 
interpreted in terms of such principles of decrement as have been discussed 
above. Another of these features of the work curve is end-spurt, a higher 
level of efficiency attained toward the end of the work period. Since there 
is nothing absolute about when such a period shall end, we should expect 
to find end-spurt only in those cases in which the .subject knows when the 
end is coming. And in such a case, the end-spurt is simply to be classed 
as an effect of incentive. We do, as a matter of fact, find a spurt in just 
such cases and, while it is interesting, it does not have the general sig- 
nificance of the decrement. A third more important and interesting fea- 
ture of the work curve is warming-up. 
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The warming-up effect is usually mentioned in discussions of the work 
curve, but little or nothing is said about the conditions that determine its 
appearance. Thorndike (1914) seems to feel that the importance of this 
characteristic of the work curve has been exaggerated, and that the evi- 
dence for it is mostly indirect. He points out that in most of the data 
bearing upon this subject it is almost impossible to separate warming-up 
(by definition a very temporary effect) from “the more peimanent im- 
provement that comes from the exercise of the function in general” that 
would ordinarily be called the practice effect, Watson (1919) states 
that experimental confirmation of the warming-up effect is not at hand 
either for vocal or manual functions. He does say, however, that “in 
baseball, track and crew work a process of limbering up or preliminary 
practice is universally indulged in and is appaiently necessary.” 

We believe that something more definite can be said about warming- 
up, at least in so far as the speed curve is concerned. This feature of the 
work curve represents a rise in efficiency which is steeper and more tem- 
porary than the rise that can be seen in successive daily performances. 
Now it has frequently been pointed out that there is another feature of the 
work curve, the decrement or “fatigue” effect, which by its very nature 
tends to obscure any such opposite effect as warming-up. Since these two 
effects are opposite, it would be desirable to obtain controllable conditions 
that would give relative favor to one or the other. This, we believe, can 
be done. We believe it can be demonstrated that warming-up may fail to 
appear as a feature of the work curve simply because the work is highly 
continuous, a condition which gives maximum advantage to the decrement, 
and that warming-up can be made apparent by introducing a degree of 
discontinuity into the work. 

The first evidence is from a well-known study of tapping by Wells 
(1908). Five 30-second periods of tapping were separated from each 
other by intervals of 2^4 minutes. Considering the total number of taps 
made by the right hand in the successive 30-second periods, there is a 
consistent improvement or warming-up effect. But if we consider the 
6 successive 5-second periods within each 30-second period of continuous 
tapping, we find the usual decrement in efficiency. In other words, the 
curve of work possessing a certain discontinuity (in this case where there is 
a 2 -minute rest every 30 seconds) mfiy show a definite warming-up 
effect, while the curve for more continuous work (in this case 30 seconds of 
continuous tapping) shows a decrement. It is possible, from Wells’ re- 
sults, to estimate the amount of improvement going on from day to day, 
and the evidence is clear that this warming-up effect is much greater than 
“the more permanent improvement which comes from the exercise of the 
function in general.” 

Under different detailed conditions Heron and the present writer 
(1924) have decisively confirmed Wells’s findings. We also studied the 
question in respect to the rapid backward recitation of the alphabet by 
five practiced subjects. Four tests were made for each subject under 
each of three conditions, as follows: 
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Condition I — ^Recite continuously for 20 minutes 

Condition II — Recite for 30 seconds, rest 15 seconds, recite 30 sec- 
onds, rest 15 seconds, etc., until actual recitation totals 20 
minutes 

Condition III — Like II except that rests were 30 seconds 

A sharp rise or warming-up effect, more marked than suhsc<iuent ir- 
regularities, was found in all of the curves for two subjects, in the 
Condition-Ill curve for one subject, and in the Condition-II and Con- 
dition-III curves for two subjects. These rises which we accepted as 
instances of warming-up were not only greater than the chance irregularities 
of the curves, but were also much greater than any general practice im- 
provement could have been. These results, like those from the tapping 
experiment, tend to show that warming-up is somewhat more likely to 
occur where the work is not so continuous as greatly to favor the decre- 
ment. Those two subjects who showed waiming-up even in the condition 
of most continuous work did not show any of the usual decrement under 
that condition, which again emphasizes the antagonistic characteristics 
of the decrement and warming-up effects. We are presenting below 
the work curves for Subject 2 and those for Subject 4. 



FIGURE 24 

Horizontal axis represents the successive 30-second periods making up the total 
20 minutes of recitation. Vertical axis represents the sums of the letters recited 
during each of the 30-second periods for four complete recKaiioiis. 

(From E. S. Robinson and W. T. Heron’s ^The Warming-Up Effeci,” Exprr, 

PsycAcL, 1924.) 
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FIGURE 25 

See explanation of Figure 24. 

(From E. S. Robinson and W. T. Heron’s “The Warming-Up Effect,” 7. Exper. 

PsychoL, 1924.) 

The conclusion to be drawn from the above results is that the warming- 
up effect is certainly more than a statistical accident. We have also a 
clue as to why this effect does not appear more often in laboratory work 
curves. Further studies are needed to bring out other conditions favoring 
the occurrence of this phenomenon. 

In the isolated muscle there is a preliminary augmentation of contrac- 
tions, called the treppe, which reminds one of the warming-up effect in 
the work curves of such integrated performances as those we have been dis- 
cussing. It is an interesting question whether all warming-up rests upon 
the same fundamental basis as the treppe. In our judgment this is hardly 
the case. The chemical basis of treppe seems to be understood. Accord- 
ing to Lee (1907), this phenomenon is caused by small concentrations of 
that same lactic acid which in larger concentrations acts as a depressant 
and consequently as a factor in the work decrement. In such a muscular 
task as tapping, it is quite possible that warming-up, when present, is due 
partly to the presence of some optimal concentration of lactic acid. Re- 
cently, however, Heron (1928) has shown the presence of warming-up 
in the learning of lists of nonsense syllables. There are, of course, in such 
a task so many possible mechanisms by means of which a temporarily 
improved set for the task could be obtained that it does not seem safe 
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to ascribe this improvement to the presence of lactic acid. Rather it 
would seem reasonable to entertain the idea that we are here dealing with 
short-lived habits, formed during the experimental sitting and lost before 
the next sitting. These might consist largely of a mental attitude or they 
might involve also the attainment of favorable muscular posture. 

General ExiiA^usTrON 

If we could combine all of the activities of living into a single general 
work curve, the equivalent of the decrement would be exhaustion affecting 
the individual’s total efficiency. The outstanding fact about such ex- 
haustion is its rarity. The regime of customary life protects against it. 
Furthermore, the prompt decrements that develop in specialized activities, 
if they are carried on too continuously, operate to prevent general exhaus- 
tion. Indeed, so rare is this highly generalized decrement that it is 
ordinarily thought of, when it does occur, as pathological. When such a 
condition is present, it almost never arises from ‘"overwork” alone; at 
its basis there. are likely to be grave somatic affections. Among these latter 
are the puerperal state, infectious disease, profuse hemorrhages, and inani- 
tion. The state of exhaustion itself emphasizes the complex integrative 
character of normal behavior. Manic tendencies, delusions, hallucinations, 
and general disorganization frequently precede stupor and coma. 

The major explanations of h'ne exhaustion psychoses introduce concep- 
tions that we met in our consideration of more specialized decrement. 
One of these holds that there is a depiction of the energy resources of the 
organism, particularly of those involved in cerebral activity. The second 
stresses the possibility of an accumulation of fatigue products that act as 
intoxicating agents. 

Psychiatrists distinguish between those breakdowns that have their 
basis in the fundamental metabolic processes and those that represent 
disorganization at a more complicated level. The former arc the exhaus- 
tion psychoses; the latter are the psychoneuroses or neuroses grouped under 
neurasthenia. But the line between these two varieties of breakdown is 
not sharp. The official classification of the American Psychiatric Asso- 
ciation says of the neurasthenic type of psychoneuroses (see Rosanoff et al.j, 
1927, p. 637) : 

This should designate the fatigue neuroses in which physical as 
well as mental causes evidently figure; characterized essentially by 
mental and motor fatigability and irritability; also various hyperae- 
thesias, paraesthesias, hypochrondriasis and varying degrees of de- 
pression. 

What we seem to have is a series of conditions running all the way from 
true physiological exhaustion to states of psychological frustration uncom- 
plicated by any detectable somatic disorder. Between these two extremes,, 
and this is where most actual cases lie, we have a mixture of somatic 
disorder and psychological maladjustment. Frequently it is difficult to 
say which side of the picture is fundamental One of the frequent causes 
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of psychological frustration is the malaise, weakness, and inadequacy inci- 
dent upon somatic disturbances, but it is also true that an organism strug- 
gling with some emotional conflict is subject to bodily disturbance. Thus 
we have the possibility of the vicious circle that so frequently characterizes 
neurasthenia. 

In those general breakdowns that are relatively free of known somatic 
basis there is much to remind us of the disorganization that occurs as a 
result of the overly continuous operation of a special function involving 
a nice balance between competing factors. The breakdown that comes 
in the case of the coordinated eye movements studied by Dodge (1917) 
or in the alternate finger movements of our investigation (Robinson 
and Bills, 1926) is a breakdown in balance, and it comes not because of 
excess demands upon energy supplies or because of too great concentration 
of fatigue products. It comes rather because of the existence of undesired, 
competing responses that are of nearly equal strength with those responses 
that are desired. As a result, an otherwise insignificant alteration in the 
strength of the desired responses may create a psychological chaos. So 
in the case of the neurasthenic. The individual may be living a life well 
adjusted to his environment, but this favorable adjustment may be pre- 
vailing by an exceedingly narrow margin. Under the surface there may 
be emotional tendencies temporarily repressed which would cause havoc 
if the prevailing behavior of the individual were slightly weakened. 

An interesting question arises as to what types of impulses or tendencies 
are likely to offer such strong competition with effective behavior as to 
threaten its maintenance. The Freudians naturally emphasize sexual 
factors, and there can be no serious argument over the importance of the 
sexual undercurrent in present-day living. As Malinowski (1927) has 
suggested, this may be as much an accident of our particular culture as 
it is an essential characteristic of our biological make-up, but, as life is 
now being lived by civilized people, repressed sexual forces are certainly 
competing with the even course of adjusted integrations. That there are 
other competing elements constantly threatening the general level of 
efficiency there can be no doubt. Of these, balked desires for recognition 
in one form or another are perhaps the most important. 

In the array of breakdowns to which the integrated organism is sub- 
ject, there is another distinction that is worth noting. I'he disorganization 
and prostration of severe neurasthenia may not be susceptible to any 
conscious control on the part of the sufferer. On the other hand, there 
are certainly many instances of hysteronenrasthenia in which the simulated 
exhaustion, by the use of adequate incentive, can be brought within con- 
scious control. We have parallels of such facts in the far simpler situation 
of the ergographic experiment. When, after continuous work, a complete 
decrement occurs, the subject feels **completely exhausted/' Introduce 
an audience or some other incentive and he will suddenly realize that he 
was not exhausted at all, but that he had simply reached a point where 
he preferred to be exhausted- The line, of course, is not sharp between 
, exhaustion with conscious preference for that state and exhaustion which, 
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while it is not actually a state of incapacity, seems defmltel}' to be that 
to the subject’s own observation. 

The fundamental protection against true exhaustion and near exhaustion 
is sleep. The largest body of experimental researches on the course and 
consequences of exhaustion have, therefore, dealt with enfoiced wakeful- 
ness. The more recent literature has been fullv and competently re- 
viewed by Kleitman (1929) and by Johnson, Sw'an, and Weigand (1926). 

Animals have been kept awake until complete collapse or death. Marie 
de Manaceine (1897) found that there were definite pathological changes 
in the cerebral tissues of puppies that had been kept awake for from 96 
to 100 hours. She concluded that conscious animals break down more 
quickly under enforced insomnia than under starvation. In starvation the 
brain seems to maintain something like its normal weight and constitution 
after other tissues have sho'v^m considerable wasting. In prolonged wake- 
fulness, on the other hand, the brain shows early deterioration. More 
recently Pieron (1913) studied the central nervous systems of dogs kept 
awake for long periods. He found changes in the frontal areas of the 
cerebral cortex, but none in the occipital cortex, cerebellum, medulla, or 
spinal cord. Bast and his collaborators (1927) found changes even in 
the spinal cords of rabbits that had been kept awake in revolving cages for 
8 to 31 days. 

In 1896 Patrick and Gilbert reported an investigation of the effects of 
enforced insomnia on human subjects. Since that time there have been 
many studies of this problem. Although there have been exceptional cases 
here and there, it has been an outstanding finding that even difficult 
psychological work such as mental multiplication is very resistant to the 
influence of loss of sleep. For example, Hermann and the writer (1922) 
found no change in ability to do mental 2-place by 2-place multiplications 
after from 60 to 65 hours without sleep. Her/. (1923) obtained similar 
results in regard to the effect of an 80-hour insomnia upon reaction-time 
and ability to repeat numbers. Richardson-Robinson and the writer 
(1922) have suggested that these results have been clue to the fact that 
the subject when put in a test situation will exert effort to make up for 
any lack of fitness. Statistical results from estimates of tiredness and 
effort on the part of subjects would seem to bear out this suggestion. Some 
of the exceptions to the above findings are interesting. Smith (1915-17) 
found that a short abstinence from sleep had a stimulating effect upon the 
subject. This is not out of line with what we know of “fatigue” in 
general, though it has not been found by other investigators. Lee and 
Kleitman (1923) found that a prolonged and monotonous test (going 
through the customary color-naming test 12 times in succession) detects 
effects of sleeplessness not brought out by the usual short and varied per- 
formances for which the subject can, apparently, pull himself together and 
in some way compensate by extra effort for his depleted psychological re- 
sources. Most reflexes were found unaffected by Lee and Kleitman, 
though they found a pronounced impairment of postural control, a result 
later confirmed by Laslett (1928). 
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It is when the subject is not set for a test performance that the dis- 
integrative effects of prolonged sleeplessness are most apparent. Slips of 
speech, time distortions, and even hallucinations^ have been observed. 
Subjects have sometimes reported dazed feelings similar to mild intoxi- 
cation. As the experiment proceeds it becomes incieasingly difficult to 
keep the subjects awake. Kleitman (1929) found it necessary to watch 
his subjects continually. If not watched they would fall asleep. When 
awakened they sometimes showed considerable irritation and denied that 
they had been asleep. 

There is fairly general agreement that the pei iod of sleep following pro- 
longed wakefulness is not correspondingly long. As a lule 8 to 10 
hours is sufficient to restore the subject’s feeling of well-being. This may 
be due to the unusual depth of sleep followintr prolonged insomnia. 
Patrick and Gilbert found that, under these circumstances, an electric 
shock which would ordinarily bring forth a cry of pain would fail to 
arouse the sleeper. 

Otpier Fundamental Factors in Efficikncv 

For the psychologist there are two basic types of ^'ariation in efficiency — 
that which is called learning or praeiu'e effeti and that which is called 
fatigue or work decrement. The former of these is treated in another 
chapter of this book. The latter we have considered in the preceding 
pages. We shall now turn our attention to some additional factors in 
efficiency, which, though they are not as general in implications 2 ivS are 
practice effects and the work decrement, are nevertheless more than mere 
incidents of behavior. 

The first group of conditions with which \vc shall deal are brought 
out by the classical method of simple reaction-time. The history of this 
method is so widely known and so well described (Johnson, 1923, and 
Ladd and Woodworth, 1911) that we shall not attempt to deal with it 
here. It is sufficient if we define simple reaclUm as a single icsponse of a 
definite muscle group (usually the hand or finger) to a simple, unciiui vocal 
stimulus. Although the qualitative aspects of sucli movements may 
be studied, the directions ordinarily give the subject a set merely for speed 
and ordinarily speed is the criterion of efficiency. 

The speed of the simple reaction varies with the s<mse stimulated. 
Ladd and Woodworth (1911) have gathered together in the following 
table the measurements of a number of the earlier students of this ciuestion. 
I’hcse results are in essential agreement with later findings. 

TABLE 7 


Observer 

Optical stimulus 

Acoustic stimulus 

'Pouch stimulus 

Hirsch 

0.200 secs. 

0149 

01H2 (hand) 

Jiankel 

0.32S 

0151 

0155 

Dotfders 

O.XSS ' 

0180 

0154 (neck) 

Von iWittich 

0194 

0182 

0130 (forehead) 

Wundt 

0.17S 

0128 

01H8 

Batner 

01506 , 

013$ 

0127$ (hand) 

Auerbach 

0191 

0122 

014$ 

Von Kries 

0193 

0120 

oin 
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There is no clear-cut, consistent diiference between reactions to touch 
and those to sound, but the visual reactions are definitely slowest. From 
a teleological point of view this is comprehensible. The visual reactions 
are rarely in direct relation to the impinging light, but are rather in 
relation to a distant object from which the light emanates or is reflected. 
While the ear is also a distance receptoi, the action of sound upon that 
organ is, physically, more akin to the mechanical impact arousing the 
cutaneous receptors. And where reaction is to mechanical impact, the 
need for high speed is obvious. It can also be pointed out that touch is, 
from an evolutionary point of view, the most primitive of these three 
senses. In regard to the direct physical basis of the differences, it has been 
suggested that if equally intense stimuli were employed the reaction-times 
of the senses would be the same. Another suggestion is that visual reac- 
tion-time is longer because of the greater number of synapses crossed by the 
afferent optic impulse. Ladd and Woodwoith, however, conclude, after 
a consideration of such explanations, that the differences are most likely 
due to differences in the latent time or inertia of the different sense-organs 
(p. 479). 

The part of the sense-organ stimulated also inlluences reaction-time. 
Taking foveal reaction-time as a norm, Foffenberger (1912) got the fol- 
lowing delays by moving the stimulus temard the periphery (Table 8). 

TABLE 8 


Degrees Temporal Nasal 


3 4 sigma 4 sigma 

D) 9 6 

30 14 10 

45 24 15 


This result is in harmony with the fact that the capacity to perceive form 
is greatest near the fovea, but it is out of accord with the greater sensi- 
tivity for faint light of the extra-foveal retina. Apparently, reacting 
quickly is more closely related neurological ly to the process of perception 
than it is to the mere noting of the presence or absence of stimulation. 
The factor of habit may also be involved ; we arc more accustomed to 
reacting to foveal stimuli. In the case of peripheral stimulation, if we do 
react, we ordinarily do so first merely by moving the eyes so as to' secure 
foveal stimulation. 

In general, simple reaction-time decreases with increasing amounts of 
stimulation. Illustrative results on this point have been brought together 
from Froeberg (1907) by Woodworth and Poffenberger 0920, p. 187). 
Visual stimuli were used which varied in respect to intensity, area, and 
duration; and sound stimuli were used which varied in intensity. 

The results given in Table 9 are, perhaps, more interesting in a negative 
way than they are positively. While increasing amounts of stimulation are 
accompanied by decreasing reaction-time, the latter does not decrease in pro- 
portion to the former. This fact is another illustration of the large 
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TABLE 9 


Relative intensity of light 

100 

56 

25 

16 

10 

Reaction-time (sigma) 

191 

194 

197 

202 

208 

Area in square mm 

48 

24 

12 

6 

3 

Reaction-time (sigma) 
Duration of light stimulus 

179 

182 

184 

188 

195 

( sigma )^ 

48 

24 

12 

6 

3 

Reaction-time (sigma) 
Intensity of sound stimulus 

191 

194 

196 

199 

201 

(height of fall in mm.) 

1024 

625 

324 

121 

16 

Reaction-time (sigma) 

131 

134 

141 

152 

192 


degree of internal determination in the reactions of the intact, integrated 
organism. 

Miles (1931) has recently administered a battery of reaction-time tests 
to a group of 100 unselected adults in order to study the influence of age 
upon this type of performance. His subjects ranged from 26 to 87 years 
old. For five types of reaction the correlations between time and age 
are all positive — greater ages going with slower reactions — and the coeffi- 
cients range from .25 to .55. 

The twelve oldest persons (average age 79 years) in the group 
of 100 adults reported registered means that were from 20 to 30 
per cent slower than the comparable general means for the group 
as a whole.^ However, one fourth of these oldest subjects were as 
quick or quickei than the average for the total group 

We may now turn to the attitude of the subject toward the reaction. 
As early as 1888, Lange noticed that the reaction-time was shorter if 
the subject, prior to the occurrence of the stimulus, fixed his attention upon 
the coming reaction rather than upon the coming stimulus. The difiference 
obtained by Lange was marked. Time for the muscular reaction to sound 
was 123 sigma, while the sensorial reaction to the same stimulus was .227 
sigma (see Ladd and Woodworth, 1911, p. 486). Later investigators 
have failed to find such a large difference and in a few cases subjects 
have been found capable of reacting as quickly in the sensorial attitude. 
Within 10 years after the appearance of Lange’s results, a large con- 
troversial literature grew up around this point. But the present conclusions 
regarding the entire matter are simple. It is recognized that the reaction- 
time of most subjects is shorter if, during the preparatory period, the 
coming movement is actually begun by heightening the tone of the muscles 
that are to move. Unless the subject has had long practice, he is more 
likely to make this preliminary preparation if he is instructed to concen- 
trate upon the coming movement than if told to concentrate upon the 
coming stimulus, 

^ In the usual simple-reaction experiment the subject is given a ready 
signal shortly before the presentation of the stimulus. When this signal 
occurs the subject goes into a relatively tense and expectant state which is 
maintained until the reaction is made. That this preparatory set is 
effective is shown by the fact that the omission of the ready signal brings 
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about an increase in reaction-time. Wundt got an increase from 76 to 253 
sigma when the ready signal was omitted prior to stimulation by a fairly 
loud noise. In the case of a weaker noise the increase incident upon the 
omission of the signal was from 175 to 266 sigma (see Ladd and Wood- 
worth, 1911, p. 481). When a ready signal is given, the effectiveness of 
the preparatory set depends upon its duration. The most favorable duia- 
tion of this set has been found b> Breitweiser (]9]1) and by Woodrow 
(1914) to vary from 2 to 4 seconds. Thus it seems to require 2 seconds 
to enable the individual to gather himself together, while periods longer 
than 4 seconds are likely to find him letting down. 

A wide variety of interesting experiments have been made in which 
complexities have been introduced into the reaction. The simplest case is 
that in which either of two stimuli is used, the subject being instuicted to 
react if one of these occurs and not to react if the other occurs. The 
situation has been further complicated by introducing more than one 
-reaction. For example, the subject may be instiucted to react with the 
right hand to red and with the left hand to green. In a well-known 
experiment by Merkel (see Ladd and Woodworth, 1911^ p, 489) the 
stimuli consisted of the numerals I, 2, 3, 4, 5, and I, 11, III, IV, These 
were assigned to the ten fingers. The results from ten degrees of com- 
plication are given in Table 10. 

d'ABLE 10 

From Ladd and Wdod worth (p. 489) Merkel 


One movement (himple reaction) .186 hers. 

Two movements, with two stimuli .276 

Three movements, three stimuli .330 

Four movements, foui stimuli ,39+ 

Five movements, five stimuli ’445 

Six movements, six stimuli .489 

Seven movements, seven stimuli .526 

Eight movements, eight stimuli 562 

Nine movements, nine stimuli .581 

Ten movements, ten stimuli .588 


Another important form of elaboration of the reaction experiment is 
that found in the study of association times. The subject may be pre- 
sented with German words to which he must respond with the English 
equivalent or he may be given words to which he must respond with the 
first word that occurs to him (free association). 

In the early days of the reaction experiment, it was felt that the time 
of various cerebral processes, such as that for simple sensory discrimination, 
could be calculated by subtracting from the time for a simple reaction that 
for a discrimination or choice or association. This mbtraction method 
was soon abandoned, however, because it was realised that the more com- 
plex experiments deal with something other than a summation of simpler 
processes. The fact still remains that, by means of the several degrees 
of complexity represented by the reaction experiments, we can sample the 
operations of several levels of neuromuscular elaboration. 
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Lanier (1931) has recently resumed the attack on this general problem. 
A wide variety of reactions was studied and the results handled in terms 
of statistical correlation. Among other results he found the intercor- 
relation among simple reactions to be very high (0.866). Discrimination 
times also had high intercorrelations between themselves, and the same 
was true of association times. Simple reactions and discrimination re- 
actions showed a correlation of 0.44, but there was no correlation between 
associative reactions and the other groups. Low and unreliable cor- 
relations were found among simple reaction-time (cortical level), lid 
reflex time (cerebrospinal reflex), and psychogalvanic reaction-time (au- 
tonomic reflex). There was no correlation between any of these last 
three variables and Army Alpha scores. 

We are simply not in a position to mark off the internal mechanisms of 
reaction by an inspection of the objective conditions. We may be sure 
that the simple auditory reaction to a tone is neurologically simpler than 
a reaction of right hand to 250 and of left hand to 260 vibrations, but -we 
cannot say how much simpler. 

Facilitation and Distraction 

Because each individual is equipped with a multiplicity of receptors and 
because the internal and external environment is constantly providing new 
stimuli, there are always present at the time of any given reaction many 
stimuli that are not the essential cues for that reaction. Popular thought 
has long recognized that stimuli which are not essential cues for a reaction 
may actually bring about, through the arousal of conflicting attitudes or 
reactions, a decrease in efficiency. Indeed, the popular disposition has been 
to assume that all stimuli not actually required to set off an act are at 
least potential distractors. If their intensity is insufficient they may have 
no noticeably deleterious influence, but if it is sufficient the distractive 
effect will be marked. When an individual is found who can work better 
in the presence of irrelevant but customary noises, there is a certain 
tendency to regard him simply as eccentric. 

But scientific men have realized for many years that extraneous, or un- 
essential, stimuli can facilitate a given reaction as well as interfere 
with it. Mitchell and Lewis, in 1886, observed that the knee-jerk could 
be augmented by visual stimulation or by painful stimulation of the skin, 
when that stimulation was followed by a voluntary muscular reaction. 
They also noted that the voluntary reaction, in order to reinforce the 
knee-jerk, must precede the tap on the knee (the adequate stimulus for 
the knee-jerk). This latter observation suggested to Bowditch and 
Warren (1890) the desirability of making a definite, quantitative study of 
the influence of various time relations between the reinforcing act or 
stimulus and the specific stimulation of the patellar tendon. The re- 
inforcing agency most often used in their experiments was the clenching 
of the right hand in response to a bell. In Figure 26 we have the facilita- 
tion or distraction (inhibition) in its relationship to the interval between 
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FIGURE 26 

Showing in Millimeters the Amount by Which the ‘‘Reinforced” Knee-Kick 
Varied from the Normal, the Level of Which Is Represented by 
THE Horizontal Line at 0, “Normal” 

The time intervals elapsing between the clenching of the hands (which consti- 
tuted the reinforcement) and the tap on the tendon are marked below. The 
reinforcement is greatest when the two events are nearly simultaneous. At an 
interval of 0.4 second it amounts to nothing; during the next 0.6 second the height 
of the kick is actually diminished, while after an interval of 1 second the 
negative reinforcement tends to disappear; and when L7 seconds is allowed to 
elapse the height of the kick ceases to be affected by the clenching of the hands — 
Bowditch and Warren. 

(From W. H. Howell's A Textbook of Physio!o(/y, 11th ed., 1930, by permission 
of the publishers, W. B. Saunders Co., Philadelphia.) 

the clenching of the hand and the tap on the knee. The chief importance 
of this curve is its illustration of the fact that the same extraneous stimulus 
may have either a facilitating or distracting effect according to its temporal 
relation to the normal stimulus for the reaction in question. In this case 
it would seem that reinforcement is greatest where there is a degree of 
actual overlapping of the two muscular acts, while distraction or inhibi- 
tion is present if the normal stimulus occurs just after the completion of 
the reaction to the extraneous stimulus. It is probable that this par- 
ticular distractive effect is a refractory-phase phenomenon. Fearing 
(1931) has raised the interesting question as to exactly what phase of 
the total activity of clenching the hand to the bell was the reinforcing 
factor in the Bowditch and Warren experiment. Inasmuch as a large 
proportion of the knee-jerk probably occurred before the hand-clenching, 
though of course after the bell stimulus, Fearing believes it unwarranted 
to assume that such augmentation as occurred was due to the muscular 
act of clenching the hand. He feels it more reasonable to assume that the 
facilitation was effected by some factor prior to the act, such as the ac- 
companiments of what is usually called mention. This is not impossible. 
There is evidence that the application of a stimulus arousing no definite 
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response can function as a facilitator, and this suggests that the eaily stages 
of a musculai act, before the act has emerged into recoidable form, may 
also function as a facilitator. A recent investigation relevant to this dis- 
cussion is that of Peak (1931). Her subjects were presented with a sound 
stimulus adequate to instigate an involuntary wink. The establishment 
of a set to wink voluntarily or to move a finger introduced a certain 
irregularity into the reflex wink and also tended to increase its amplitude. 
But such considerations certainly do not mean that in general or on the 
average the preparatory phases of action have a stronger facilitative influ- 
ence than have acts which have reached the overt form of muscular move- 
ment. 

Results in substantial agreement with those of Bowditch and Warren 
have been obtained by Yerkcs (1904, 1905), using the frog as subject. His 
experimental airangement permitted him to measure the amplitude of a 
reflex kick made by the frog w^hen it was struck on the head back of and 
between the ears by a rubber cone. The extraneous stimulus was produced 
by a bell or a sound hammer. Maximum augmentation occurred when the 
stimuli were coincident or close together in time. In one experiment the 
condition for inhibition was that in which a momentary auditory stimulus 
preceded the tactual by from 45 seconds to slightly less than 90 seconds. 
Here again we have an inhibition which suggests the refractory-phase 
phenomenon. In another experiment Yeikes studied as lesponse the frog^ 
jumping from an electrified grill. In this case reaction-time was measured. 
One of the extraneous stimuli used was the sight of a vibrating disk. This 
stimulus produced facilitation when introduced 0.1 second prior to the 
shock and inhibition when introduced 0.5 second prior to the shock. 

The classic refractory-phase experiment is itself a demonstration of 
certain of the conditions of facilitation-distraction. According to Zwaarde- 
maker and Lans (1900) a visual stimulus adequate to arouse a reflex 
wink will fail to arouse that reflex if it is preceded, 250 sigma to 500 sigma 
before, by an identical visual stimulus. Dodge (1913) used pairs of sound 
stimuli adequate for the same reflex. He found no absolute inhibition of 
response to the repeated stimulus but rather a diminution in the response 
to the second stimulus for as long as a 3-second interval. 

Dodge (1931) has raised the interesting question as to whether inhibit- 
ing stimuli need to be of sufficient strength to arouse a conscious or overt 
muscular response. Upon the basis of experimental studies of the knee- 
jerk, the lid reflex, the perception of rotation, and the perception of color, 
he finds support for ‘‘the physiological presumption that faint stimuli are 
in the main inhibiting rather than stimulating in human reaction, and that 
inhibition may be produced without preliminary reactions'' (p. 82). 
Whether the first of these propositions will be upheld by further experi- 
mentation is not so important as the further establishment of the fact that 
stimuli unessential or extraneous to the usual operation of a response may 
have a decided effect upon that response even though they are too weak to 
bring about any observable conscious or muscular results. 
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Hilgard (1931) has recently studied the reflex response of the eyelid 
to two unlike stimuli — sound and light: 

A faint stimulus, itself eliciting only minimal leflex responses, may 
greatly exaggerate or depress the responses to a more adequate 
stimulus which follows it This is demonstrated in certain experi- 
ments on the human eyelid reflex, in which a faint light pieceded a 
loud sound. The light alone evoked winking responses averaging 
4 mm in extent, while the sound evoked winking responses aver- 
aging 20 mm. When the light preceded the sound by appropriate 
intervals (of from 0 to .050 sec.) the response to the sound was in- 
creased to a maximum average extent of 31 mm, an increase of 11 
mm above the normal. This increase of 11 mm is due to the prior 
occurrence of a light which alone evoked a response of but 4 mm. 

On the other hand, the response to sound may be greatly decreased 
in extent if the light precedes the sound by a slightly lengthened 
time inteival (interval of 075 sec. or greater). This inhibitory 
effect is even more pronounced than the reinforcement just described. 

The reaction to sound may fall as low as 1 mm in extent from the 
normal of 20 mm, a drop of 19 mm. 

The facilitation-inhibition effects of extraneous stimuli have also been 
investigated for the simple voluntary reaction. In 1893 Bliss reported 
that reaction-time was shortened when the sound stimulus was presented 
to both ears instead of to one. More recently Poffenberger (1927; see also 
Woodworth and Poffenberger, 1920) has shown that the presentation 
of a light stimulus to both eyes gives a shorter reaction-time than monocu- 
lar presentation. Results for three subjects are shown in Table 11. 

TABLE 11 


Subject 

One eye 

Two eyes 

T 

201 sigma 

185 sigma 

P 

175 

160 

A 

191 

178 


Results of great interest have been obtained where there has been simul- 
taneous presentation of stimuli to different senses. Todd (1912), for 
example, employed light, sound, and electric shock. Reaction-times were 
obtained for these individually and in various combinations. It is not 
strange that the presentation of sound with light should have given a 
faster reaction than light alone, because light normally gives a slow 
reaction and the faster reaction to sound might simply mean that the 
subject was reacting to the sound instead of to the light. But light and 
sound in combination give a faster reaction than sound alone, which means 
that a stimulus the reaction to which is normally slow can act to quicken 
a normally fast reaction. The shortest reaction-times obtained by Todd 
were those to light, sound, and shock combined. Thus, whether a stimu- 
lus acts as facilitator or distractor does not seem to depend upon whether 
the simple reaction-time to that stimulus alone is slower or faster than the 
stimulus to which it is added. 

Jenkins (1926) has shown that the introduction of quiet into a situation 
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in which there has been a continuous noise is capable of acting facilita- 
tively, though, under the conditions of his experiment, the onset of quiet 
was not as strong a facilitator as the onset of noise. That the onset 
of quiet may occasionally act as a distractor is, of course, well known from 
common experience. Some people find it difficult at first to go to sleep 
in the country. This positive functional value of the withdrawal of 
physical energy is another excellent illustration of the fundamental prin- 
ciple that the organism tends to respond to changes in stimulation rather 
than to the mere presence of stimuli. 

In an experiment using a light stimulus preceded at varying intervals 
by electric shock, Todd obtained results somewhat like those of Bowditch 
and Warren for the knee-jerk. When the shock preceded the light by 45 
or 90 sigma, there was a normal reaction-time. When the two were 
separated by 180 sigma there was a definite retardation of the reaction 
to light. There was slight evidence that with an interval of 360 sigma 
the inhibitory influence of the shock began to wane. 

While such experiments as those we have been describing offer excellent 
opportunities for studying some of the fundamental factors in the facilita- 
tion-distraction situation, it is clear that in practical life the majority of the 
extraneous stimuli that have an important effect upon behavior are' stimuli 
of considerable physical complexity to which we react emotionally oi 
intellectually. For this reason it has been desirable to conduct experiments 
with situations somewhat more complicated and somewhat more difficult to 
define than those involving simple combinations of relatively neutral 
stimuli. 

In an investigation reported by Burtt and Tuttle (1925) the subject 
was presented with pleasant, unpleasant, and indifferent words to each of 
which he gave a free-association response. The knee-jerk was depressed 
by an average amount of 16 per cent by the association processes involving 
unpleasant words. There was a slight but less regular depression also ir 
the case of the pleasant words. Correlations were calculated between* 
association reaction-time and the extent of the reflex. The values were 
not high, but there was some tendency toward greater reflex depression 
for those words having the longer reaction-times. The importance of this 
experiment is mainly its demonstration that an intellectual process can have 
a decided influence upon such a reflex as the knee-jerk. The fact that 
the influence was in this case depressive is not so important. With differ- 
ent time relations between the word stimuli and the stimulus for the knee- 
jerk there might have been facilitation instead of depression. In fact, an 
earlier paper by Tuttle (1924) does show a facilitative influence of intel- 
lectual activity upon the knee-jerk. The latter reaction was elicited while 
tht subject was engaged in such tasks as mental arithmetic, conversation, 
a, intelligence tests, and the results show that such activities augment 

’ (19^^ has reported an instance of facilitation of a relatively 

function by tatellcctual work. The function measured was the 
ftoestipld for sound. The subject engaged in arithmetical calculation or 
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in reading of prose or poetry. His finger was placed upon a key and he 
was directed to react whenever he heard any tones. The majority of 
the subjects showed a decrease in threshold during all four of the mental 
tasks. There are at least two possible explanations of this result. The 
mental activity may have increased the general level of excitability of 
the nervous system. Or the mental activity may have been sufficiently 
definite to prevent the subject from thinking about matters, foreign to the 
experimental situation and yet not so engrossing as to interfere with the 
simple auditory reaction. 

Real-life conditions of facilitation-distraction are more nearly approached 
by experiments in which there is a high degree of complexity in both the 
extraneous stimulus or activity and the activity whose efficiency is under con- 
sideration. Morgan’s investigation (1916) is the one most frequently cited 
from among the many in this general field. The standard task at which 
Morgan’s subjects worked was a kind of substitution test in which letters 
were translated into numbers or numbers into letters according to a code. 
Extraneous noises were provided by a variety of bells, buzzers, and 
phonograph records. Periods of quiet were alternated with periods of 
noise. Efficiency was measured in terms of both speed and accuracy, but 
only the former proved important. In Figure 27 there are given the 
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FIGURE 27 

The Effect of Noise upon Oxjtfut 

[After J. J. B. Morgan (1916) and taken from A. T. Poffenberger's Applied 
Psychology, 1927, by permission of the publishers, D. Appleton & Co., New York.] 


speed records of four subjects under the alternate conditions of quiet and 
noise. There is a tendency upon the part of these subjects to slow their 
translations upon the onset of the noise. Recovery from this retardation 
is rapid, however, and in the majority of instances speed at the end of a 
noise period is greater than that at the end of the preceding period of 
quiet. Upon the introduction of the second period of quiet there is a 
marked distraction effect in the case of one subject and slight retardation 
in the others, Jenkins has shown that quiet can act facilitatively and 
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here is experimental evidence that quiet can also act to disrupt or retard 
activity. 

Besides production records, Morgan obtained information about the 
“effort” exerted by his subjects. He did this by means of records of 
breathing, of pressure on the reaction keys utilized in making the substitu- 
tions, and by observations of tendencies toward articulation. He concludes 
from these facts that, though such an extraneous stimulation as noise may 
lead a subject to a higher level of productive efficiency, this is achieved 
only because, in overcoming the distraction in its early stages, the subject 
increases the intensity of his muscular reactions and indulges in articulation 
with consequent disturbances in breathing. All this would indicate that 
such facilitation as is brought about by an extraneous stimulus like noise 
is likely to be brought about at the cost of an increase in organic expendi- 
ture. In other words, we have here something a good deal more com- 
plicated than the simple type of facilitation that we obtain in reflex and 
simple voluntary reaction experiments where we add to the normal signal 
stimulus some other intellectually and emotionally neutral stimulus. The 
physiological costs of resistance to distraction have recently been examined 
by F. L. Harmon (1933). When noise was introduced into a period of 
mental work the energy expenditure was increased sometimes as much as 
60 per cent or more. Harmon states, however, that because of the small 
energy normally expended in mental work even such an increase hardly 
has any far-reaching effects upon the general bodily economy. 

That noises which we should expect to have a depressing effect on gen- 
eral efficiency do not always do so is further supported by the recent 
findings of Hovey (1928). Two groups of college students were used 
as subjects, an experimental group numbering 171 and a control group 
numbering 123. Six tests of Army Intelligence Examination Alpha, Form 
8, were given both groups under normal conditions. The corresponding 

6 tests of Form 7 were given under distraction to the experimental group 
and under normal conditions to the control group. The distractors were 

7 bells and 5 buzzers, a 550-watt spotlight, a 90,000-volt rotary spark 
gap, phonograph, 2 adjustable organ pipes and 3 metal whistles, a 55- 
pound circular saw mounted on a wooden frame, a camera operated by a 
well-known photographer, and four students performing stunts. Several 
of these distractors were often used simultaneously, sometimes but one or 
two were used, and sometimes there were intervals of quiet. Subjects 
working in the presence of this medley of stimuli improved slightly less in 
going from Form 8 to Form 7 than did the students who worked at the 
latter without distraction. The difference was quite small, however, and 
it is Hovey’s conclusion that “higher mental processes are comparatively 
unimpeded by a distraction.” Obviously such a conclusion cannot be 
extended to higher mental processes in general and to distraction in general, 
but it certainly is interesting that such spectacular extraneous stimuli as 
thw had such a small influence. An additional finding of Hovey was that 

, 'tbe distractions had no more marked effect upon more intelligent workers 
tton upon those of less intelligence. This, of course, runs counter to the 
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frequently expressed opinion that highly intelligent individuals are un- 
usually susceptible to such disturbances as irrelevant noises. But perhaps 
Hovey would have obtained different results on this point if he had not 
worked with subjects who, being college students, were fairly homogeneous 
in intellect. 

As another example of the influence of complex extraneous stimuli upon 
complex intellectual processes we shall cite the recent study by Ford 
(1929). The test activity was a combination of number perception and 
addition. The distracting stimulus was a loud phonograph giving a sup- 
posedly humorous monologue in a male voice or a Klaxon automobile horn 
placed about two feet from the subject’s ear. Conditions of quiet and noise 
were alternated. The most conspicuous result obtained was an initial 
slowing of reaction-time at the beginning of the noise period and at the 
beginning of the quiet period. Thus, both noise and quiet acted as dis- 
tractors. The initial retardation is more marked at the beginning of the 
noise period. All this is quite in line with the results secured by Morgan. 
But Ford does not agree with Morgan in his interpretation of the recovery 
in eflSciency which took place during the period of quiet or noise. Like 
Morgan, he found a disturbed condition marked by heightened muscle 
tone at the beginning of an altered stimulational setting, but he claims that 
the following improvement in ejfficiency is accompanied by a diminution of 
these symptoms of effort. If such is the case, the improvement in efficiency 
is hardly due to increased effort. It would, perhaps, be nearer the truth 
to say that the increased muscle tone or ‘‘effort” is simply a symptom of the 
fact that the individual is temporarily disorganized. 

As indicators of general muscle tone or of neural diffusion, Ford used 
blood volume, breathing, and pressure of writing answers to the test 
problems. His method of recording the la.st is especially interesting: 

The strip of paper on which the answers were written was drawn 
on a spindle so as to run over a large tambour on which very stiff 
rubber had been stretched and then covered with a wooden plaque. 

The tambour thus constituted an indicator of writing pressure. The 
amount of deflection of the tambour was imperceptible to the only 
four of whom knew that the writing-pressure was being recorded. 

A tube extended through the wall from the writing-pressure board 
to the tambour recorder on the kymograph. The tension of the writ- 
ing-pressure board was calibrated by placing weights on the paper 
and noting the amount of deflection of the recording needle. 

Effort 

In the more complex experiments on facilitation-distraction which we 
have had under review we have come into repeated contact with the 
concept of effort. Altered stimulational setting has usually increased 
the amount of effort required to perform a certain task. It would, of course, 
be possible to define effort in such a way that no direct or objective ap- 
proach could be made to it, but experimentalists have recently been inclined 
to mean by effort the amount of neural and muscular activity going on 
during the performance of a given task. Thus, if one subject presses 
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down hard in writing the answers to a problem he is solving, it is 
assumed that he is doing the work with comparatively great effort. If 
his breathing is disturbed or if he engages in an unusual amount of articu- 
lation, it may again be said that he is exerting considerable effort. Foi 
obvious reasons practically all of the symptoms of effort are muscular 
rather than neural, but because of the close correlation between the two 
types of activity it seems reasonable to consider effort a neuromuscular 
conception. 

Fundamentally there are two experimental approaches to the general 
problem of effort. (1) We can set the subject to working under con- 
ditions which will presumably bring about alterations in effort and we can 
record such alterations as actually do occur. (2) We can attempt to 
control the amount of effort expended by the subject in order to note 
the influence of effort "upon efficiency in a given task. 

Such studies as those by Morgan and by Ford illustrate the first ap- 
proach. The condition which it is assumed will alter effort is in this case 
some change in the sitimulational setting of the work. We shall in this 
connection also cite the recent study by G. L. Freeman (1931 ). Freeman 
was not concerned with the introduction of such extraneous stimuli as 
noises. He was concerned rather with a comparison of the effort involved 
in work and rest, and during continuous work and interrupted work. A 
wide variety of tasks was used in the course of the research; there were 
arithmetical problems of several types, puzzle solving, opposites tests, 
writing numbers backward, and a number of other forms of mental 
activity. His conclusions are in essential agreement with those of Ford. 

Mental work involves an initial increase in muscular tension which 
decreases as the performance progresses toward completion .... A 
comparison of the tonus change during equivalent periods of inter- 
rupted and uninterrupted mental work showed a regular and notable 
increase in tension during the periods of interruption. , . ,(p. 332) 

Freeman employed a unique indicator of muscle tone, neural spread, or 
effort: 


The recording devise was, in essential, a lever serving to depress 
the patellar tendon. This lever was connected with an optical lever 
which magnified changes in tendon deformation approximately 500 
times. A thread attached to the depressor lever at its point of 
contact with the tendon encircled a small cylinder (radius 2 mm.) 
carrying a convex mirror of suitable curvature (the optical lever). 

The thread was held under constant tension by a rubber band. The 
center of a 180 degree screen made of cardboard was placed 50 cm. 
away from the axis of the cylinder. The surface of this curved 
screen was covered with cross-section paper. After the depressor 
lever had been placed against the subject’s tendon at the point of 
greatest deformability, the beam of light reflected by the optical 
lever was brought by a suitable adjustment to the center of the 
milHmeter-scale. The experimenter simply read the level of mus- 
cular tension from the scale at stated intervals, [p. 311: see more 
fully Freeman (1931)] 

There arc a number of instances in the literature where an attempt 
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has been made to record the results upon efficienc}^ of various conditions 
of effort. Such studies as those of IVlcDougall ( 1906) and of Newhall 
(1921, 1923) have shown that increased attention is capable of increasing 
the intensity of sensory processes. While attention and effort are not 
necessarily synonomous, they are certainly closely related. This seems 
especially likely in light of studies by Jacobson (1929) and Miller (1926) 
in which the enhancement of sensory intensity was clearly a function of 
muscular tension. 

In 1927 Bills reported a systematic study of this problem utilizing 
better controls of effort than had hitherto been used. His subjects, during 
the performance of a variety of mental tasks, grasped a dynamometer in 
each hand. During the early stages of his investigation the dynamometer 
spiings were stiff' and the subjects were able to keep the grip only partially 
closed. Not only this, but the subject's grip varied during the course of 
an experimental sitting. These variations in muscular tension were re- 
corded. Later it was found more feasible to W’^eaken the dynamometers 
by about two-thirds. It was then possible for the subject to keep the 
grip closed throughout a work period. While this was not a guarantee 
of absolutely constant muscular tension, it did insure the maintenance 
of that tension at above a definite minimum. Since the experimental 
comparisons were between the conditions of work with tension and work 
without tension, this arrangement was quite satisfactory. 

In his first two experiments Bills studied the influence of tension upon 
memorization and practice in memorization. Both nonsense and sense 
materials were employed. He found in general that tension was an aid 
to memorizing whether efficiency was measured in terms of learning 
time, savings, or recall. In the experiment with nonsense syllables he 
found that after the subject had practiced to the extent of learning 5 or 
6 lists, the difference, as measured by recall or savings, was largely 
obliterated. In the second experiment, which utilized paired words, there 
was, however, an approximately constant difference in favor of tension 
throughout the experiment. There is evidence that learning time, in the 
first experiment, is aided more by tension after practice than in the early 
stages of the work. 

Bills's later experiments which dealt with arithmetical work and 
letter-reading are somewhat more pertinent to the interests of the present 
chapter. In Experiment III the subjects added columns of 20 digits. 
Figure 28 gives work curves obtained under normal conditions and under 
tension, the criterion of efficiency being speed. It will be seen that the 
facilitative influence of tension is greater as the work proceeds. This 
suggests that the spread of muscular tension during the “fatigue" of every- 
day life may serve to protect against a more marked decrement. On the 
other hand, it might be said that the increase in muscular tension during 
continuous work is simply a sign of inexpertness at the task in question. 
Bills has interesting results on this point. The general level of efficiency 
under the two experimental conditions can be followed throughout 10 
days of experimentation. From Figure 29 we see that, so far as speed 
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FIGURJE 28 
Work Curves of Time 
Average number of seconds per example. 

(From A. G. Bills’s ‘‘The Influence of Muscular Tension on the Efficiency of 
Mental Work,” Amer, /. PsychoL, 1927.) 

of work IS concerned, the benefits of tension become greater with practice. 
In the case of accuracy, the story is slightly different. Tension has a 
beneficial influence upon the amount of work done correctly, but the 
difference between the tension and the normal condition in this regard is 
not altered by practice or by “fatigue.” 

The findings of Experiment III receive some confirmation by those of 
Experiment IV, In the latter the work employed was letter-naming. 
Five types of cards were employed, which contained combinations of 2, 
4, 8, 16, and 24 letters. Continuous reading of only the 2-letter type 
was marked by pronounced decrement. For that reason work curves for 
that condition are givp alone in Figure 30. Here again we see not only 
a superiority for tension but a superiority that grows more marked with 
the continuation of the work. In the reading involving more than two 
letters there was a warming-up rather than a decrement in the work curves. 
In Figure 31 we have work curves representing all of these latter types 
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FIGURE 29 

Practice Curves of 1'ime 
Average number of seconds per example 
(From A, G. Bills’s “The Influence of Muscular Tension on the Efficiency of 
Mental Work,” Amer. J. PiychoL, 1927.) 



FIGURE 30 

;WoRK Curves of Time-— Two-Letter Combination 
Average number of seconds per repetition, 

(From A, G, Billses “The Influence of Muscular Tension on the Efficiency of 
Mental Work/* Amer. X PsyehoL, 1927,) 
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FIGURE 31 

Work Curves of Time^ — ^Average of All Letter Combinations 
(Prom A. G. Bills’s “The Influence of Muscular Tension on the Efficiency of 
Mental Work,” Amer. A Psychol, 1927.) 

of work. Again we find superiority for tension and again that superiority 
increases with the progress of the work period. Thus there is the sug- 
gestion that the continuation of work gives an advantage to tension for 
other reasons than simply because it is a protection against decrement. 
If this is true we may assume that the advantage of tension has some 
very general and fundamental basis. 

In the present state of knowledge we are in a position to offer m more 
than tentative interpretations of such findings as those of Bills. We must, 
of course, be struck with a similarity between his findings and those in 
connection with the facilitation of reflexes and simple voluntary reactions. 
His condition of tension or effort was really one in which a proprioceptive 
stimulation accompanied the performance of the e-ssential task. If that 
task had been a reflex or simple voluntary reaction we could have pre- 
dicted directly from earlier results that there would be an increase in 
speed and amplitude of movement. However, the performance in the 
Bills experiment was intellectual. While this does not mean that no 
movements were involved, it does mean that the reactions represented 
highly complicated neural organizations. And, further, the organizations 
Tvere not stereotyped as might have been true if the tasks had been acts 
of muscular skill. Indeed, the behavior was of distinctly a problem-solv- 
ing order. Under these circumstances one feels a good deal of hesitation 
about interpreting Bills’s results in the fairly simple terms applicable to 
reflexes and simple voluntary movements. In the latter cases, all that is 
requued is to show why we should expect an act performed under tension 
or effort to be more highly energized than the same act performed under 
normm conditions. But where the organization represented by an act is 
complex and relatively fluid we should expect its eflSciency to be less 
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afFected by the sheer amount of cortical and muscular activity present at 
the time of action. 

One explanation of Bills’s results is in terms of the possibility that the 
higher the general level of excitement in the cortex, at least within the 
limits of this experiment, the more quickly and accurately will be the 
operation even of its more complex and fluid response patterns. Obviously 
this theory runs counter to the old doctrine of ^‘drainage,” but that need 
not trouble us too seriously. 

Possibly a modification of the above hypothesis would be more relevant. 
Since all of the work studied by Bills involved some muscular movement, 
perhaps the general readiness for movement on the part of the subjects was 
relatively more important than one might suppose. And it may be sup- 
posed that the presence of a constant proprioceptive stimulation furnished 
by the squeeze of the hands on the dynamometers would bring about a 
fairly widespread increase in tension and, therefore, in readiness to act 
of the other muscle groups. This hypothesis is rendered somewhat more 
credible by the fact that the advantage of tension was greater when 
the criterion of eflSciency was speed rather than accuracy. 

A third hypothesis can be constructed along different lines. An out- 
standing characteristic of complex activities is that they are constantly 
open to conflict. They are more nicely balanced and are therefore more 
easily unbalanced. Now anything which would hold constant the world 
of extraneous stimuli while a subject is performing complicated intel- 
lectual work ought to prove an advantage to that work. Simple music 
might operate in this way (Diserens, 1926) and so might an established 
proprioceptive set. It may be that the main difference between the tension 
and the normal condition is not due so much to the higher level of neuro- 
muscular activity represented by the tension as to the greater constancy 
of the proprioceptive afferency during work under fixed tension. 
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PART II 

RECEPTIVE PROCESSES 




CHAPTER 13 


VISION: 1. VISUAL PHENOMENA AND THEIR 
STIMULUS CORRELATIONS 

L. T. Troland 

I. Introductory 

The facts and principles of vision can be presented in a number of dif- 
ferent ways. First, we may describe visual phenomena from a purely 
introspective standpoint, without reference to their physical or physiolog- 
ical conditions. Secondly, we can adopt a strictly behavioristic point of 
view and try to ariive at an entirely objective account of what happens in 
the optic nervous system, or the response arc as a whole, when certain 
stimuli act upon the eyes. Thiidl}^ we may concern ourselves primarily 
with the correlatioyis between the subjective phenomena and the accom- 
panying physical or physiological factors. Finally, we may attempt to 
explain any of these observed facts by the introduction of hypotheses 
which are supposed to describe hidden mechanisms. 

In the present contribution, I shall confine myself mainly to the first 
and the third of these methods, although with some incidental applications 
of the second method. Considerations of a liypothetical character will be 
left for the ensuing chapter, ‘'The Nature of the Photoreceptor Process,’* 
contributed by Dr. Hecht. It is, of course, difficult to draw an exact line 
of demarcation between empirical and theoretical ideas, but “theories of 
vision” have been concerned mainly with receptor and optic-nerve activi- 
ties. 


II. The Princu^al Experiential Factors in Vision 

In beginning to consider the facts of vision from the introspective 
standpoint, we must first establish the principal concepts which are in- 
volved. The subjective phenomena of vision consist of certain experiences 
which can be reported, without physical inference, by the given observer 
under the given circumstances. These phenomena are found by him in 
a restricted section of his experience, which may be called the subjective 
visual field. This field comprises a three-dimensional spatial manifold 
lying mainly in front of the empirical e 5 ''e,^ although extending to some 
degree backwards on either side. It is immaterial, from the introspective 
standpoint, whether or not we regard this visual space manifold as being 


^The phrase, '*the empirical eye,” is used to designate the apparent position of 
the observer with respect to the remainder of visual space, subjectively con- 
sidered. 


653 



654 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


coincident with the corresponding physical space, but its characteristics 
must be established by methods of introspective description and not by 
the inferential methods of objective science. 

The visual field is characterized not only by its special relation to the 
remainder of experience but by the peculiar qualities and the structural 
principles of its contents. As a rule, these contents show a high degree 
of complexity and definiteness of pattern, as compared with appearances 
in other experiential fields. Under the most common conditions of 
vision they comprise visual thinffs “seen” in experiential space before the 
eyes. However, they also include “phantastic visual appearances” such 
as after-images, phosphencs, idioretinal clouds, and the like. In general, 
these visual patterns possess height, breadth, and thickness, and are located 
vertically, horizontally, and depthwise, within the visual field. 

Apart from such specific forms and positions, they can present only a 
finite number of qualitative characteristics, most prominent among which 
are those which we describe by the term color, [For a discussion of the 
reasons for this use of the term color, see Troland ( 1922a ) .] Color can be 
regarded as constituting the substance, as opposed to the form, of visual 
piesentation. However, color is usually, although not exclusively, con- 
fined to the uir faces of visual things, so that in order to arrive at a com- 
plete analytical formulation of visual experience we must also postulate 
a spatial or depth factor. This depth constituent intervenes between the 
color surface and the empirical eye, and may also contribute to the volume 
of visual things, behind or within the color superficies. 

Visual experience presents a crucial case for the argument concerning 
the extent to which analysis is legitimate in introspective psychology. Ref- 
erence is made here to the debate between the structuralists and the con- 
figurationists in psychology (Spearman, 1924). Visual introspection is 
practically coincident, in many cases, with the common-sense observation 
of external things or events. It is self-evident that the visual field can 
be marked off into mutually exclusive sections and that a great many 
such sections can exist simultaneously in the same field. However, the 
possibility of subdivision has a limit, corresponding to the minimum visible 
area, and ordinary visual patterns are not atomic mosaics but comprise 
sizable homogeneous areas or volumes- When we speak of elements of 
visual experience, we are not concerned necessarily with sensory atoms 
which have a fixed visual size but rather with the qualitative character 
of possible visual volumes and surfaces, independent of their specific forms, 
in any given instance- However, if anything is gained thereby, there 
would seem to be no objection to treating any homogeneous visual surface 
or volume as if it were composed of a number of accurately juxtaposed 
smaller spatial components, all of the sjimc kind. 

It has been customary, in discussions of vision, to distinguish rather 
categorically between sensation and perception (Titchener, 1909). "Fhe 
wdrd ^‘sensation” has ordinarily been used in visual psychology to stand 
for subjective elements or substances, together with their manner of de- 
termination by stimulus characteristics. The term “perception,” on the 
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other hand, has been applied mainly to the form or structure of the 
experience either in space or in time. It is well to distinj^uish between 
these two aspects of “form” and “matter,” but little is gained by follow- 
ing the traditional terminology' of sensation and perception. 

In addition to the static phenomena of vision, we must also consider 
changes or processes which occur within the visual field. These may be 
alterations either in quality or in form. As an example of the former 
we may mention “flickei,” and of the latter, motion. 

The Properties of Color. As indicated above, the elementary constit- 
uents of visual experience consist of colors and depth components. The 
term “color” has been used loosely by physicists to stand for a supposed 
property of objects or of radiant energy, and by the layman to designate 
the chromatic, as opposed to the achromatic, aspects of visual things. 
However, the preferred usage of the term makes it apply to the purely 
experiential qualities of visual presentations in general. Color, in this 
sense, includes black, white, and the grays, as well as visual qualities 
which manifest hue. The full meaning of the term can be demonstrated 
best by an enumeiation and classification of the different color species, to 
which we shall now pioceed. 

The psychological color solid. Colors can be classified in a number 
of different ways, but the most fundamental division is undoubtedly that 
between achromatic and chromatic colors. The former can be arranged 
into a linear or unidimensional series, running from black to white through 
a continuum of grays. In such a series, comprising all possible achromatic 
colors, adjacent members will be “just-noticeably different” from each 
other. This scale of colors establishes a dimension of qualitative variation, 
which is best designated by the term “brilliance” (Troland, 1922«, p. 534). 
The brilliance value of any color can be speciiied numerically by counting 
the number of just-noticeable steps which intervene between it and black. 
In practice, difficulty is found in identifying absolute black, so that bril- 
liance measures are usually relative to some arbitrarily chosen dark color. 
It would also be feasible to measure brilliance in terms of negative, as well 
as of positive, values with respect to a midrgray {vide infra). 

The chromatic colors consist of all colors in addition to the achromatic 
ones. They are characterized by the possession of a definite hue: red, 
yellow, green, blue, or intermediates between adjacent pairs of these hues. 
If we attempt to arrange the chromatic colors into a continuum, we find 
that the latter must be three-dimensional. One of these dimensions cor- 
responds to that of brilliance in the achromatic series. Moreover, we 
find that a place is automatically reserved in the chromatic solid for the 
achromatic system as a whole, so that the latter becomes a sort of axis or 
core of the former, parallel to the purely brilliance dimension. Vari- 
ations perpendicular to this axis represent the degree of departure of 
any chromatic color from the achromatic one of the same brilliance. Such 
variations are in the dimension known as saturation. If we treat satu- 
ration values as radial, then what we call hue corresponds to the tangential 
or circumferential dimension. Saturation can be regarded as a measure 
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of the degree or intensity of the given hue. These relations are exhibited 
in Figure 1. 



FIGURE 1 

The Dimensions of the Psychological Color Solid 
(From ^‘Report of the Colorimetry Committee of the Optical Society of America,” 
L. T. Troland, Chairman. 7. Opt. Soc. Amcr., 1922.) 

The system of colors, thus established, is characterized by its dimensions 
rather than by its boundaries. The latter are theoretically indeterminate 
but, in practice, are limited by physiological conditions. The familiar con- 
struction of the color solid as a double pyramid [Titchener (1909, p. 63) ; 
for a recent discussion, see Dimmicfc (1929)] is warranted neither by the 
fundamental theory nor by the psychophysical facts. However, it should 
be recognized that variation along the hue dimension is characterized by 
a peculiar kind of discontinuity, which can be expressed by saying that the 
mode of variation changes suddenly at four points along the hue cycle. 
These points identify the four psychologically primary hues: red, yellow, 
green, and blue (Ladd-Franklin, 1924). 
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The problem of providing numerical designations for the chromatic 
attributes, hue and saturation, involves counting the number of just- 
noticeable differences, in each of these respects, from some standard refer- 
ence point or member. For saturation, the natural reference po’nt is the 
achromatic color of the same brilliance, the saturation steps being traced 
centrifugally along the chromatic radii. In the designation of hue, one 
of the psychological primaries may be chosen as a zero point. For this 
purpose, the red is probably the most convenient, the hue being traced 
circumferentially along a line of constant saturation and brilliance from 
the red through the yellow, and so on. 

It has been claimed by Dimmick (1920) that the neutral mid-gray can 
be recognized introspectively with a facility equal to that which applies to 
the psychologically primary hues. On this basis, he proposes to make the 
mid-gray a general reference point for the entire color space, treating black 
and white as hues. We can then speak of the saturation of black or white 
and can regard the whole system as being spherically symmetrical about the 
mid-gray point. However, this scheme does not get away from the three- 
dimensionality of the manifold, and the plan is of questionable significance 
on account of the evident dissimilarity between the achromatic and any of 
the chromatic lines through the mid-gray. 

Modes of color appearance. The classification of colors in terms of 
brilliance, hue, and saturation is by no means exhaustive. Under special 
conditions, colors present other aspects which have been called ‘‘modes of 
appearance” {Erscheinungswehen). These conditions can be specified 
introspectively as well as objectively. In our everyday experience we have 
to deal mainly with surface colors, which seem to be confined to, and to 
constitute, the superficies of visual things. Such surface colors are ordi- 
narily conditional upon a “full” visual field, showing a complex pattern 
of visual things. When, however, the major portion of the visual field is 
dark and blank, with an isolated patch of color somewhere in its extent, 
this patch usually takes the form of a so-called film, which is the common 
experience in connection with spectroscopic apparatus. The experience of 
a transparent colored object, such as glass, frequently presents a volume 
or bulky color. Self-luminous things, recognized as such, have a peculiar 
aspect known as ffhw, while metallic and other regularly reflecting bodies 
manifest the attribute (jf luster. Still further modes of color appearance 
have been signalized by the work of Katz (1911, 1930), Martin (1922), 
and others. 

It should be noted that the primary attributes of colors are not inde- 
pendent, for their realization or specific values, of the mode of appear- 
ance. Thus, good blacks and other dark colors, such as browns and olives, 
are found only as surface colors or in a surface-color environment. They 
demand a generally brilliant pattern of outlying things. The general set- 
up or Gestalt of the visual world has an important bearing upon the ap- 
pearance of colors. Under the conditions for surface colors there is 
ordinarily an “abstraction” {Berucksichttgun^) of the apparent illumi- 
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nation (Jaensch, 1920), the latter being piesented to some extent as a 
brilliance value which is independent of that attaching to any given sur- 
face color. Atmospheric haze is also abstracted in a similar manner, being 
placed in the space between the thing and the empirical eye (Buhler, 
1922). These effects are sometimcb summarized m terms of a principle 
of the ‘‘color constancy of visual things” (Bering, 1920), according to 
which surface and volume colors tend to be independent of the illumina- 
tion and atmospheric conditions. 

General Properties of Visual Space, Visual space can be characterized, 
in general, by stating that it has a perspective structure or presentation to 
a certain point of view, that of the empirical eye. However, this should 
not be interpreted as meaning that visual space is actually a mere perspec- 
tive or a projection upon a plane, since it is definitely given as a volume. 
The visual space field can be described as being approximately hemi- 
spherical in form, fading off into non-existence perpendicularly to the line 
of sight in all directions, and disappearing by a process of condensation 
along the latter line (Mach, 1897). In general, only a single color sur- 
face is presented along any one line of view, in accordance with the prin- 
ciple of visual ellipse, A few exceptions to this rule appear in cases of 
transparent objects where one surface may be presented directly behind 
another. 

As we have already indicated above, normal visual space can be described 
anal.vtically in terms of a sheaf of lines of depth elements radially ar- 
ranged with respect to the empirical eye. Each one of these lines ordi- 
narily terminates upon an elementary color surface. By an effort of 
abstraction, common to artists, any given pattern in the visual field can 
be viewed as projected upon a single plane, perpendicular to the empirical 
line of sight. Such a plane may be designated as a subjective projection 
field. It is of importance in separating the influences of monocular from 
those of binocular vision. 

Positions and forms in visual space can be specified in purely subjective 
terms by utilizing psychologically defined reference axes and units. The 
line of depth elements which comprises the empirical line of sight (pass- 
ing through the int respectively identifiable fixation point) furnishes one 
of these axes; the apparent horizontal, intersecting this line in a selected 
projection plane, constitutes another; while the third axis required for 
the three-dimensional system may consist of the apparent vertical in the 
same plane. Least-perceptible separations along any of the directions thus 
established may be adopted as subjective units of distance measurement. 

General Plan of the Ensuing Discussion. We may now turn our atten- 
tion to the psychophysical relationships of the various subjective factors 
which we have just considered. The psychophysical treatment will bring 
out further details of the introspective phenomena, in the appropriate con- 
texts. It will be convenient to divide this treatment into a number of 
separate sections, dealing respectively with (1) the nature of the visual 
stimulus, (2) stimulus correlations of brilliance, (3) stimulus correla- 
tions of chroma, (4) relations of color to binocular factors, (5) monocu- 
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larly determined form, (6) binocularly determined form, (7) visual 
motion perception, and (8) a few appended comments on the relation of 
visual experience to cerebral processes. 

III. Characteristics of the Visual Stimulus and of the Eye 

Radiant Energy, the Stimulus. The “adequate*^ visual stimulus con- 
sists of radiant energy (Comstock and Troland, 1917) within a certain 
limited range of wave-lengths, approximately 400 to 780 m/A. This 
energy ordinarily emanates from objects outside of the eyes, passing 
through the pupils and the various ocular media, to form more or less 
distinct images upon the two retinas. The direct stimulating action is 
located, of course, in the receptor elements of the latter, but most of our 
knowledge concerning the correlations between visual phenomena and 
the stimulus has to do with extra-ocular conditions. However, some 
important relationships can be traced, deductively, for the intra-ocular 
stimulus. 

The physical concept of radiant energy appears to be in a transitional 
stage at the present day (Andrade, 1924). It is agreed that this energy is a 
form of electromagnetic undulation, capable of traveling through empty 
space at a tremendous velocity, but its exact mode of distribution within 
this space is doubtful. Certain phenomena appear to call for a bullet or 
arrow-like structure of the disturbance (according to the quantum hypothe- 
sis), while other effects seem to demand a much more extensive spatial 
continuity. The new doctrine of wave- mechanics appears to be providing 
a means for the logical reconciliation of these apparently conflicting re- 
quirements (Darwin, 1931). However, it is fortunate that these theo- 
retical considerations have very little bearing upon the formulation of 
known visual facts, which can be treated adequately in terms of the 
original wave theory of Huyghens and Young (see Preston, 1901) or 
on the basis of experimental measures, apart from any hypothesis. 

The general characteristics of any given sample of radiant energy can 
be specified by means of a so-callcd distribution curve, such as those given 
in Figure 2. This shows how the intensities of the spectral components 
of the sample vary as a function of the wave-length. Wave-lengths are 
ordinarily measured in terms of millionths of a millimeter, or millimi- 
crons, correctly symbolized by m/t. The intensity measure can be ad- 
justed to the requirements of the given situation (Troland, 1917), but is 
founded upon the unit of energy, the erg. Since a flow of energy is 
ordinarily involved, we usually have to deal with ergs per second, and, 
if we wish to discount the effects of area, the intensity may require ex- 
pression in terms of ergs per second per square centimeter. 

Photometric measures. In perhaps the majority of cases, photometric 
intensity measures are more useful than are radiometric ones, although it 
should never be forgotten that the former incorporate a psychophysical 
criterion. However, we are forced to acknowledge, in any case, that a 
stimulus must be defined, at least in part, in terms of its power to stimu- 
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WAVE LENGTH mtllimicrond 
FIGITRE 2 

Spectral Energy Distributions of Natural and Artificial Sunlight 
The solid line represents the distribution of average noon sunlight, while the 
broken line is that of Priest's precision artificial sunlight. 

(From ^‘Report of the Colorimetry Committee of the Optical Society of America,” 
L. T. Troland, Chairman. J. Opt. Soc. Amer., 1922.) 

late the specified sensory system. Photometric measures, or light intensity 
values, presuppose a standard ‘Visibility” factor which represents the 
capacity of the given form of radiant energy to evoke certain visual effects. 
The fundamental unit of photometric intensity is the lumen, corresponding 
to a flux of energy. The most useful photometric measure in visual studies 
(Cobb, 191 6«) is the brightness value of the object surface, which may 
be expressed in millilamberts or in candles per square meter. In practice 
this should be multiplied by a factor proportional to the size of the ocular 
pupil, under the given experimental conditions, to obtain a measure which 
is proportional to the intensity of retinal illumination. I have suggested 
a measure of this sort, equal to the product of candles per square meter 
and pupillary areas expressed in square millimeters, corresponding to a unit 

called the photon (1917, pp. 24-32), , * t i 

Stimulus attributes. It is usually stated that the visual stimulus has 
three independent attributes: wave-length, intensity, and purity; but it is 
evident that the physical association between these three features is very 
intimate. Thus, changes in purity involve an alteration in wave-length 
composition, sometimes introducing wave-lengths which were not previ- 
ously present at alL However, in the case of stimuli having substantially 
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single wave-length constitution (homogeneous stimuli), it will be conven- 
ient to consider intensity and wave-length as separate variables. Stimuli 
having a complex wave-length composition must be treated in accordance 
with a more complex method. 

Stimulus patterns. The above considerations apply primarily to 
spatially elementary visual stimuli or to very limited pencils of radiant 
energy entering the eye. The stimulus for the whole eye, however, com- 
prises a definite arrangement of various kinds of radiant energy in space, 
characterized in any concrete instance by a specific areal or angular pattern. 
This pattern can be specified by assigning the correct intensity distribution 
curve to each point in the visual object field or to each direction of the 
rays which enter the pupils. It is evident that, in general, this configu- 
ration of distributions will be slightly different between the right and left 
eyes, a fact which furnishes the basis for binocularly determined discrimi- 
nations. 



FIGURE 3 

Cross-Section of the Human Eye 
The figuie represents the left eye, as seen from above. 

(After Quain. From L. T. Troland’s The Principles of Psychophysiology, V oL 2, 
1930, by permission of the publishers, Van Nostrand, New York.) 

Gross Anatomy and Physklopy of the Eye. As shown in Figure 3, the 
human eye is approximately spherical in form, and its general structure 
closely resembles that of a photographic camera. The shell of the eyeball 
is built up of three concentric layers (Quain, 1909). The outermost or 
sclerotic layer is primarily a supporting tissue but is continuous, in froi^t, 
with the transparent cornea, the surface of which is responsible for most 
of the optic refraction. Within and concentric with the sclerotic is found 
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the choroid coat, extended forward to form the iris, the variable opening 
in which constitutes the pupil, controlling the amount of energy that enters 

D 



FIGURE 4 

Retinal Rod and Cone Cells 

This figure shows typical^ retinal receptors in somewhat diagrammatic form. A 
^presents a rod cell. B is a cone cell from the equatorial region of the eyeball, 
C a cone cell from near the margin of the fovea, while £> is a cone cell from the 
central part of the fovea. These sketches are based on drawings by Oreef as 
reproduced in Quain’s Anatomy, 

(From L, T, Troland’s PrincipUs of Psychophysiology, Pol, 2, 1930, by permission 
of the publishers, Van Nostrand, New York.) 
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the eye. The third layer comprises the retina or sensitive nervous film. 
The angular extent of the retina is about 207 degrees. The sensitive 
layer is perforated, about 18 degrees off center to the nasal side, by the 
exiting fibers of the optic nerve, and, approximately in the retinal center, 
there is a small depression, known as the fovea centralis, in which the 
receptor cells are crowded very closely together. Microscopic exami- 
nation shows that the retina (Quain, 1909, pp. 220-252) consists of three 
neurologically distinct strata, which, in centripetal order, are: (1) the 
receptor cells, (2) the bipolar neurons, and (3) the ganglion cells with 
their attached axons, the latter being continuous with the conducting fibers 
of the optic nerve. 

The rods and cones. The receptor stratum of the retina contains 
two histologically different species of cells, known as rod and cone cells, 
respectively (see Figure 4). Both types of cells have three segments, 
of which the outermost or terminal one is supposed to be the seat of sensory 
excitation. The terminal segments of the rod cells are rod-shaped, 
whereas those of the cone cells are conical in form, except in the center 
of the retina {fovea centralis)^ where they are packed closely together and 
are elongated so that they closely resemble the rods. According to Kohl- 
rausch (1931, p. 1520) recent unpublished measurements by Wolfrum on 
over ‘sixty eyes show that rods are absent over a central area corresponding 
to a maximal horizontal diameter of 1.7 degrees. This is approximately 
half the diameter previously given by Koster, but agrees with functional 
tests on the Purkinje effect. Outside of this central region the ratio of 
rods to cones increases from center to periphery, but there is no region 
which is free from cones. The central area of the retina also incorporates 
a layer of yellow pigment, forming the so-called macula lutea. 

The dioptric process. The function of the eye as an optical instru- 
ment consists in forming an image of the external object field upon the 
retina. This is accomplished by refraction at the outer surface of the 
cornea and at both surfaces of the crystalline lens. The latter lies di- 
rectly behind the iris. The refractive power of the cornea is about 43 
dioptrics, and, of the lens, approximately 21 dioptrics. The process of 
accommodation, or of focusing upon objects at different distances from the 
eye, involves a change in the curvature of the front surface of the crystal- 
line lens, which (in the 10-year-old child) amounts to a 14-dioptry maxi- 
mal alteration in the refractive power. According to Helmholtz’ (1924- 
25) theory, which is now generally accepted, accommodation for near 
objects is due to a contraction of the ciliary muscles which surround the 
lens. This contraction reduces the tension of the suspensory ligament, 
and permits the lens to bulge by virtue of its inherent elasticity. 

The chambers between the cornea and the lens, and between the lens 
and the retina are filled with transparent substances, the aqueous and the 
vitreous humors, respectively. The pupil, which is formed on the anterior 
surface of the lens, has a diameter varying between 2 and 8 milli- 
meters, in accordance with the intensity of the illumination, the state of 
adaptation of the retina, etc. Its average size is about 4 millimeters. 
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The laws governing its changes as functions of stimulus intensity, time, 
etc., have been determined accurately by Reeves (1918). The photo- 
graphic '‘speed” of the eye, with a maximal pupil, is about F. 2.9. 

The form of the image, which is thrown upon the retina by the dioptric 
mechanism, can be constructed from a knowledge of the object field 
pattern, in accordance with the usual principles of geometric optics. The 
two nodal points of the ocular system are very close together so that, for 
practical purposes, the object or ray pattern can be projected through a 
single point, located in the posterior portion of the lens, and the extended 
projection lines, where they strike the retina, will determine the image 
pattern. Such a projection line, passing through the nodal point and the 
center of the fovea centralis , is called the line of regard, and the point in 
the object field which it intersects is said to be fixated. Under normal 
conditions of vision, the process of binocular convergence brings the lines 
of regard of the two eyes together at the objective point of fixation. The 
plane which is established by these two lines is known as the plane of 
regard (Helmholtz, 1924-25, Vol. 3, pp. 40-43). 

It is evident that the size of the retinal image, corresponding to a given 
object, changes with the distance as well as with the intrinsic dimensions 
of the object. However, the retinal image size is practically constant for 
a fixed angle subtended at the ocular nodal point. Consequently, sizes 
and positions of areas, lines, or points in the object field can be specified 
most usefully in angular units. 

Optical defects of the eye. The refractive action of the eye is subject 
to most of the aberrations which are characteristic of uncorrected lens 
systems. [A quantitative study of certain aberrations of the eye is given 
by Ames and Proctor (1921).] These include the spherical, the chro- 
matic, and the astigmatic types. The images of objects upon which the 
eye is not accommodated will be blurred. There are many different forms 
of ray-scattering in the eye, as a result of irregularities in the ocular media, 
and these may produce, upon the retina, characteristic patterns of radiant 
energy, which are not representative of features of the external object 
field. They are responsible for many so-called “entoptic” phenomena. 

IV, The Psychophysics of Brilliance 

We may now commence our discussion of the relations which obtain 
between subjective visual phenomena and various characteristics of the 
stimulus by considering the psychophysics of brilliance. We may regard 
brilliance as an attribute of color which has a zero value at an ideal 
black and which increases continuously with increasing resemblance of 
the color to white. It is an attribute not merely of achromatic but also 
of chromatic colors. Brilliance is commonly conceived as being especially 
significant of stimulus intensity, but it is actually a function of all stimulus 
characteristics as well as of numerous physiological variables. In endeavor- 
ing to separate these correlations, with different variables, we must regard 
all of the remaining factors as being held constant at sorae^ arbitrary 
value. In the present chapter, we shall confine ourselves primarily to 
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the relations between brilliance and characteristics of the stimulus, but 
some reference must necessarily be made to some of the more important 
physiological factors in order to establish all of the conditions for the 
specified stimulus relationships. 

Brilliance as a Function of PVave-Length, The most fundamental rela- 
tionship between brilliance and stimulus variables is that to wave-length. 
This can be studied most simply by use of homogeneous stimuli. The 
measurement of radiant intensities in strictly energetic terms immediately 
demonstrates a lack of proportionality between brilliance and photometric 
measures, on the one hand, and the quantity of radiant energy, on the 
other hand. The most intensive constituents of certain common forms 
of radiant energy are quite invisible. 

Visibility curves. The most thoroughly developed technique for estab- 
lishing a relationship between brilliance and wave-length is that for the 
determination of visibility. In this procedure, the brilliance is held con- 
stant, with varying wave-length, by making the requisite adjustments 
of intensity. The immediate result is a curve which shows a minimum 
at about 555 xn/uL, the values increasing toward unattainable magnitudes at 
either end of the spectrum. If we compute the reciprocals of these energy 
values in terms of the minimal value as a unit, we obtain the curve of the 
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FIGURE S 

The Photofic and Scotofic VismarTT Curves of Human Vision 
(After Hecht From L. T. Troland’s Principles of Psychophysiology^ Pol, 2, 
1930, by permission of the publishers, Van Nostrand, New York.) 
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so-called visibility coefficientj with respect to wave-length, as shown 
in Figure 5. The corresponding numerical values are presented in Table 
1. T.'hey are regarded as measures of the relative capacities of radiant 
energy of different wave-lengths to produce vision. 

TABLE 1 

Average Normal Visibility Values 


Adopted as standard by the Illuminating Engineering Society and the Optical 
Society of America 1919-1920. 


Wave-lengths 

Adopted mean I. E. S. 

Absolute visibility 

400 

0.0004 

0.27 

10 

.0012 

0.80 

20 

.0040 

2.7 

30 

.0116 

7.72 

40 

.023 

15.3 

450 

0.038 

25.3 

60 

.060 

40.0 

70 

.091 

60.7 

80 

.139 

92.6 

9o 

.208 

139 

500 

0.323 

216 

10 

.484 

322 

20 

.670 

446 

30 

.836 

557 

40 

.942 

629 

550 

0.993 

662 

60 

.996 

663 

70 

.952 

641 

80 

.870 

580 

90 

.757 

502 

600 

0.631 

421 

10 

.503 

336 

20 

.380 

253 

30 

.262 

175 

40 

.170 

113 

650 

0.103 

68.8 

60 

.059 

29,3 

70 

.030 

20.0 

80 

.016 

10.7 

90 

.0081 

5.4 

700 

0.0041 

2.7 

10 

.0021 

1.4 

20 

.0010 

0.67 

30 

.00052 

0.35 

40 

.00025 

0.17 

750 

0.00012 

0.08 

60 

.00006 

0.04 

Wave-length 
of maximum 

556 
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The exact position of this curve on the wave-length scale varies with 
the brilliance level at which the measurements are made. It also depends 
upon the momentary state of adaptation or sensitivity of the retina, although 
this state is itself determined bv the intensity level, if a sufficient time 
lapse is allowed. Moreover, the curve is affected by abnormal physi- 
ological conditions and by congenital visual type, as in the different 
forms of color-blindness {vide infra). It has been shown by Hecht and 
Williams (1922) that, with decreasing intensity, the maximum of the visi- 
bilitv curve shifts from about 554 mjtt to approximately 511 mix, but that 
subsequently to this shift the general form of the curve remains sub- 
stantially unchanged. The high intensity cuive, or position, is designated 
as photopic and is attributed to the retinal cones, while the low intensity, 
scotopic, curve is assigned to the rods. 

This displacement of the region of maximal visibility towards the 
shorter wave-lengths, with decreasing intensity, is responsible for the 
so-called Purkinje phenomenon and related effects. The Purkinje phenom- 
enon is usually described in terms of a reversal of the brilliance rela- 
tionships between '‘red” and “blue” colors, in consequence of diminishing 
stimulus intensities, without change in iheir ratio. Even when the red is 
more brilliant at the higher intensity level, the blue is almost certain to 
gain superior brilliance at the lower level. It will be seen from the 
two curves shown in Figure 5 that the extreme long-wave rays of the 
spectrum have substantially zero visibility at low intensities. Similar 
changes are noted when a stimulus pattern is moved from the center to 
the periphery of the visual field, under dark-adaptation at low intensity 
levels. This is attributed to the fact that rods are absent in the retinal 
center. For this same reason the Purkinje effect proper cannot be dem- 
onstrated within the 1.7-degree central area. 

Light, If the brilliance which is evoked by a stimulus of any desired 
wave-length composition is matched under determinate conditions with that 
due to radiant energy emitted by a standard candle, a definite relationship 
can be established between the visibility curve and certain absolute photo- 
metric units such as the lumen. This makes it possible to specify an 
absolute, as opposed to a relative, visibility for each wave-length or wave- 
length combination. Such absolute visibility is expressed in terms of 
lumens per watt. The high-intensity visibility curve, with a maximum at 
554-556 mfi, is employed for this purpose, and the absolute visibility value 
at the maximum in question is about 617 lumens per watt (Coblentz and 
Emerson, 1917). These relationships permit the photopic visibility curve 
to be employed in the precise definition of light values, so as to make them 
independent of a fixed wave-length composition (that of the standard 
candle) and of accidental variations in photometric matching between in- 
dividuals. 

Direct psychophysical functions- It will be noted that the visibility 
curves do not establish a strictly psychophysical function connecting 
brilliance and wave-length. Instead, these curves express a relationship 
between two stimulus variables which is determined by the subjective 
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criterion of equality-of-brilliance. However, the curve representing 
brilliance as a function of wave-length, for constant energy, must have 
a form which is generally similar to that of the visibility relation, although 
it will be relatively flattened at the peak, and must vary in its exact propor- 
tions with the intensity level for which it is computed. It obviously in- 
volves a combination of the visibility and the Fechner functions (to be 
discussed below). (See Troland, 1930, Figure 36, p, 67.) 

Intra-ocular modifications. It will be noted that the ordinary visibility 
function is established with respect to the stimulus, as the latter exists 
outside of the eye. In passing through the ocular media, including the 
yellow pigment of the retina, the intensity distribution curve of the 
stimulus is appreciably modified in form. If we apply our knowledge of 
the selective absorption of the ocular media, we find that the photopic 
visibility curve, with respect to the stimulus as it must operate upon the 
retinal receptors, is almost perfectly symmetrical in form, and fits the 
equation for the probability integral quite closely (Troland, 1922^). 

Brilliance as a Function of Intensity, The manner in which brilliance 
varies with intensity can best be discussed under two general headings: 
(1) the absolute threshold and (2) the Fechner function. Both of these 
relationships are influenced in an important manner by wave-length 
composition, as well as by the brilliance of the test-field surroundings. 
If the intensity of the stimulus is zero over the entire area of the retina, 
the accompanying experience is not typically a black, but is, instead, a dark 
gray, which is sometimes known as the ‘‘idioretinal light’^ and is attributed 
to retinal self-excitation. The lowest values of brilliance appear to be 
conditional upon a reasonable amount of stimulation of outlying retinal 
areas (simultaneous contrast) or upon prior excitation of the given area 
(successive contrast). In discussing these relations, we can abstract 
from the influence of wave-length by expressing the intensity measures in 
photometric terms. This is legitimate because the influence in question 
is essentially of a visibility character. 

Absolute threshold for brilliance. If we consider the case of a compara- 
tively small stimulus with a dark outlying field, we find that the absolute 
threshold varies with position and with the state of adaptation. A 
3-degree circular spot can be seen in the center of the field at an intensity 
of about 0.05 photons. In the periphery of the field, with full scotopic 
dark-adaptation, only about 1/1 0,000th of this intensity is required. An- 
gularly minute stimuli, such as stars, furnish us with a means for deter- 
mining the minimal amount of energy which will yield any specific visual 
effect at all Studies by a number of investigators (see Russell, 1917) 
show that this minimal value lies in the neighborhood of 10"® ergs per 
second. If, also, we introduce the minimal time required for vision 
under these conditions, we find the total needed number of ergs to be 
approximately 2 x 10^^®, which is not far from the supposed order of 
magnitude of the ultimate radiation quantum, for radiation of the highest 
visibility. 

The Fechner function. Still assuming a dark outlying field, the mode 
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of variation of brilliance as a function of the intensity, above the threshold, 
follows a law which we may designate as the Fechner function, without 
implying that this function is of a strictly logarithmic type. The brilliance 
itself is measured in terms of the number of just-noticeable changes or 
steps from a minimal value. In the common form of the experiment, 
the latter is not a black but is identical with the idioretinal gray. A 
study of the Fechner function (see Figure 6) shows that it is approxi- 



FIGURE 6 

(From L. T. Troland’s Principles of Psychophysiology, Vol. 2, 1930, by permission 
of the publishers, Van Nostrand, New York.) 

mately logarithmic over a range of medium intensities, the extremes of 
which stand in a ratio of about one to a hundred. For lower and for 
higher intensity ranges, the relative threshold increases progressively (Nut- 
ting, 1920). It may be noted that, although the total intensity scale 
which can be covered by human vision is from about 0.0001 candles per 
square meter to a billion candles per square meter, the intensities which 
we ordinarily use and which yield the highest general visual efficiency lie 
in a region w'here the relative threshold is substantially constant or where 
the logarithmic relationship is practically satisfied. This relationship can 
be regarded as significant of the tendency of the visual system to record 
reflection coefficients rather than absolute surface brightnesses. The order 
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of magnitude of the threshold in the optimal region is about one hundredth 
part of the total intensity, varying with the exact nature of the discrimina- 
tion pattern which is involved. It is also to some extent a function of 
wave-length or wave-length composition, although it is to the first ap- 
proximation independent of these chromatic aspects of the stimulus. 

It has been shown by Schjelderup (1920) and others that when the 
surrounding field is not dark its intensity enters into the Fechner function 
(or the analogue of this function) in an important way. In general, 
the just-noticeable difference in intensity is proportional to a linear function 
of the test and surrounding field values, additively combined. According 
to Cobb (1916^) and to Dittmers (1920), the minimal value of the thresh- 
old is found when the two fields have about the same intensity. For 
very high values of the surrounding field intensity, the threshold is gov- 
erned almost exclusively by the latter. It seems likely that at least part 
of this dependency of the brilliance discrimination upon the brightness of 
surroundings is due to the scattering of rays within the ocular media, 
so that an analysis of a similar relationship to the immediate retinal stimu- 
lus might yield quite a different result. However, in the case of a com- 
pletely dark surrounding field, intra-ocular conditions probably influence 
the function very little. 

Brilliance as a Function of W ave-Length Composition, When several 
stimuli, having different wave-lengths, act upon the same retinal area, 
the resulting brilliance is determined, at least approximately, by the arith- 
metic sum of their photometric values (Ives, 1921^). If the Fechner 
function is formulated in terms of photometric intensities, the brilliance 
will be that which is normal to the summated photometric magnitude. As 
stated, this principle is valid only for pure photopic vision. In order that 
it should apply, also, to scotopic and to mixtures of photopic and scotopic 
vision, the photometric values must be adjusted to the exact visibility curve 
which is operative under the given conditions. 

Brilliance as a Function of Spatial Factors, The brilliance which results 
from a stimulus of fixed intensity and composition varies with its spatial 
characteristics and surroundings. These variations involve its size and 
shape and the manner of excitation of outlying visual regions. 

If a stimulus of fixed internal characteristics is moved from the center 
to the periphery of the visual field, in general its brilliance will not remain 
unaltered. The exact law of the change depends upon the composition of 
the stimulus and upon the state of adaptation of the retina. Under scotopic 
dark-adaptation, as a rule, the brilliance will increase greatly for all 
except the extreme long-wave stimuli. As we have seen, absolute thresh- 
olds indicate a sensitiveness of the retinal rods to ‘Vhite light,” which 
is about ten thousand times greater than that of the cones, under full 
dark-adaptation. Under photopic bright-adaptation there may actually 
be a decrease in brilliance towards the periphery. According to Breuer 
and Pertz (1897) and Wolfflin (1910), there is a decrease in brilliance 
when the eccentricity is increased beyond about 20 degrees, even in the 
dark-adapted eye. 



L, T. TROLAND 


671 


Brilliance and size. When a stimulus varies in size while the in- 
tensity is kept constant, the brilliance alters markedly over a range of 
small size but becomes constant at large sizes. These relationships have 
been studied very extensively by Pieron {\929a) for threshold conditions. 
His more recent results show that the threshold is inversely proportional 
to the 0.3 power of the area, within the foveal region, except for ex- 
tremely small areas. Earlier studies indicated a higher power, approach- 
ing unity, a relationship which was also found in the parafoveal regions, 
with purely photopic stimuli, up to diameters of about half a degree 
(Pieron, 1920^3:). Scotopic stimuli, in the same regions, show a varia- 
tion of the brilliance threshold inversely as the diameter. The decrease 
in liminal energy with eccentricity is more marked for small stimuli (0.1 
to 0.2 degrees) than for larger ones. In general, the summation of adja- 
cent excitations increases towards the periphery, in inverse relationship 
to visual acuity {vide infra) ^ which depends upon the separation of such 
excitations. 

Brilliance contrast. It is a very familiar fact that the brilliance of a 
given test field varies with the brilliance of outlying areas, in accordance 
with the principle of contrast. The contrast effect consists cither in an in- 
crease or a diminution of the brilliance of the test field as a function of the 
difference in intensity between the two stimulus fields. According to 
Hess and Pretori (1894) and other authorities, the change in the apparent 
intensity is a linear function of this difference, being positive when the 
surrounding field is darker and negative when it is brighter than the test 
field. Within certain limits, if the intensity changes of the two fields are 
proportional, the brilliance of the test field may remain constant. Kirsch- 
mann (1891) states that the contrast effect is proportional to the square 
root of the area of the surrounding field. Brilliance contrast is substan- 
tially independent of the chromatic characteristics of the experience if the 
intensities are expressed in photometric terms. 

Brilliance as a Function of Time, When the intensity or other charac- 
teristics of the visual stimulus are suddenly changed, the corresponding 
brilliance value does not alter instantaneously but behaves as if a factor 
of inertia were involved. However, after the passage of a certain period of 
time, a new equilibrium is reached. Relations of this sort which are ex- 
perimentally demonstrable suggest the existence of a number of indepen- 
dent temporally operative factors having quite different values. The 
inertia is comparatively small in connection with the so-called ^‘persistence 
of vision,** but the time constant is much greater for the phenomena of 
adaptation. 

When a visual stimulus is of short duration — ^less than one-fifth of 
a second' — the resulting brilliance may depend upon its duration as well 
as upon its intensity. For any stimulus, a time can be found which is 
sufficiently short so that the duration and the intensity are interchangeable 
and the visual process obej^ the so-called reciprocity law. Under such 
conditions, the brilliance may be expected to vary as the Fechner function 
of the exposure (intensity times time). Although the reciprocity princi- 
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pie has its limitations in vision (Pieron, 1920^), as in photochemistry at 
large, it is nevertheless true that there is no time so brief as to prohibit 
visual excitation, provided the intensity can be made sufficiently great to 
bring the exposure value above the threshold. 

Growth and decay curves. When a stimulus is instantaneously applied 
to the retina, the brilliance rises rapidly at first and then more and more 
slowly until a maximum is reached. The total time occupied by this 
process is never greater than about one-fifth of a second (McDougall, 
1904^). This duration or action time decreases with increasing intensity. 
When the stimulus is cut off or is suddenly diminished, the brilliance 
decays in accordance with a curve which is similar to that for its growth 
but is of opposite sign. 

These transitions occur so rapidly that they are not ordinarily analyz- 
able by direct introspection. However, when the intensity changes are 
due to the motion of a sharp image edge across the retina, the brilliance 
changes are presented as phenomena attached to the edge in question. 
Experiments by this method show that the first phase of decay of brilliance 
is usually followed by a recrudescence of the experience in the form of 
a series of pulses (McDougall, 1920^). The most rapid of these con- 
stitute the so-called Charpentiers bands. Slower alterations, succeeding 
the bands, comprise a series of positive afterimages of which the most 
prominent, the Purkinje after-image, is attributed to a delayed scotopic 
response. The Purkinje after-image is absent or very faint in the center 
of vision, as would be expected according to this explanation. Under 
certain conditions — especially with strong dark-adaptation and brief stimu- 
lation — ^very persistent positive after-images of stationary stimuli are ob- 
tainable. 

Flicker, When two different stimuli are alternated, not too rapidly, 
there is a corresponding pulsation of the brilliance, known as flicker. 
However, regardless of the magnitude of the difference between the 
stimuli, a rate of alternation (critical flicker frequency) can always be 
found at which the flicker disappears. It has been shown that this fre- 
quency is proportional to a logarithmic function of the difference in 
intensity between the two stimuli or of the intensity of a single stimulus 
which is alternated with a dark interval. In general, this logarithmic 
law is approximately independent of the chromatic characteristics of 
the stimulus or experience, if the intensity is expressed in photometric 
terms. The constants of the law change rather abruptly at a certain 
low intensity, corresponding to the transition point between photopic 
and scotopic response, and in the range of lower intensities there is a 
considerable dependency of the critical frequency upon wave-length fea- 
tures (Ives, 1912^?). 

Under the condition that flicker has been eliminated, the resulting 
brilliance value is the same as that which would accompany the con- 
tinuous application of the same average flux of the given kind of radiant 
energy. This principle, which is known as the Talbot-Plateau law, 
has^ been established very accurately, and is a logical corollary of the 
reciprocity law. 



L. T, TROLAND 


673 


Adaptation, When a stimulus is permitted to act continuously after 
the brilliance has reached its maximum, the brilliance value ordinarily 
commences to fall off. This change will be rather rapid at iirst, 
gradually decreasing in rate until an equilibrium is reached. A reverse 
change occurs when the visual system is relieved of a positive stimulus 
which has been acting for some time. The first type of process has 
been called bright-adaptation, and the second type, dark-adaptation. 
Analysis shows that both of these processes can occur for either photopic 
or scotopic vision and that the laws for the two kinds of vision are 
quite different. Dark-adaptation is not ordinarily observable as a 
change occurring directly in a continuously experienced color, but must 
be demonstrated by means of brief exposures separated by appropriate 
time intervals, when the brilliance evoked by a stimulus of fixed intensity 
can be shown to increase. This points to the conclusion, which is also 
otherwise indicated, that adaptation stands for a semi-persistent change 
in the sensitivity of the photopic or scotopic visual system, as the case 
may be. 

Photopic adaptation, Photopic adaptation can be demonstrated, to 
the exclusion of the scotopic variety, by the use of small stimuli — less 
than 2 degrees in diameter — restricted to the center of vision. Bright- 
adaptation is characterized by continuous reduction of the brilliance until 
an equilibrium value is reached, the time required for this process being 
about 90 seconds, independently of intensity or wave-length composition, 
but varying with the area of the test field. The final amount of bril- 
liance reduction is greater, the higher the stimulus intensity, thus tending 
to level out the differences between the brilliance consequences of different 
stimuli. However, except when these differences are initially very small, 
the equilibrium condition does not bring all stimuli to an apparent 
photometric equivalency (Troland, 1921), The equilibrium sensitivity 
is inversely proportional to a power of the stimulus intensity which is 
somewhat less than unity. This sensitivity can be measured by ascertain- 
ing the intensity required on the bright-adapted area to match the bril- 
liance evoked by another intensity on an adjacent, fully dark-adapted area, 
and calculating the ratio between the latter and the former intensity 
values. 

It has been claimed by Abney that photopic bright-adaptation by 
stimuli of restricted wave-length range reduces the brilliance sensitivity 
more for the adapting than for other wave-lengths, i.e., that achromatic 
bright-adaptation is specific with respect to wave-length composition. 
Similar results have been reported by Fedorow and Fedorowa (1929), 
Engelking and Poos (1925), and others when very intense stimuli are 
employed. In some rather careful experiments of my own 1 failed to 
demonstrate any effect of this kind at relatively low intensities (1922c). 
Frank Alien (1919) has demonstrated very interesting chromatically 
selective ‘^fatigue*” effects, both for the adapted and the opposite, non- 
.adapted eye, as tested by the method of critical flicker frequency. 

Photopic dark-adaptation occurs very rapidly, but, before it is complete, 
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negative after-images can be observed against the idioretinal light. These 
correspond approximately in form to the primary image of the adapting 
stimulus but are dark where the latter was light, and vice versa. Such 
images can also be seen temporarily against a “reacting stimulus” field 
which is substantially free from detail and is considerably larger than 
the original adapting stimulus. 

S cotopic adaptation, Scotopic dark-adaptation is a much slower pro- 
cess than is the corresponding photopic change. It can be demonstrated, to 
the exclusion of photopic effects, at intensities lower than the photopic 
threshold and in a relatively peripheral portion of the visual field. It 
is responsible for the tremendous increase in the general sensitivity of 
the eyes under conditions of twilight illumination or in complete darkness. 
This sensitivity is, of course, characterized spectrally by the dominance 
of the scotopic visibility curve and by other features associated with 
response of the retinal rods. 

Complete scotopic dark-adaptation may require hours, although the 
major portion of the change is accomplished in about 20 minutes. The 
total increase in sensitivity may be by a factor greater than 10,000. 
However, after a few minutes there is relatively little alteration in the 
brilliance value elicitable in the center of the visual field because of the 
absence of rods in the corresponding portion of the retina. Scotopic 
bright-adaptation occurs much more rapidly than does the dark-adaptative 
process, and the first phases of such bright-adaptation are accompanied, 
in bright light, by the experience of being dazzled. After brief bright- 
adaptation, scotopic dark-adaptation occurs more rapidly than when the 
bright-adaptation is more protracted. The laws relating the sensitivity 
changes in bright- and dark-adaptation to time are discussed fully in 
the ensuing chapter by Dr. Hecht. They are of the saturation type, 
asymptotic in form, and are in harmony with the kinetics of a bimolec- 
ular chemical reaction. The brilliance which results from scotopic dark- 
adaptation is essentially achromatic, corresponding to the failure of the 
retinal rod system to respond specifically to wave-length. 

V*. The Psychophysics of the Chromatic Attributes 

We may now consider the laws which relate the chromatic attributes, 
hue and saturation, to stimulus characteristics. These two features 
of color are so closely associated that they can best be discussed in parallel. 

Hue as a Function of Wave-Length. Hue is ordinarily regarded as 
an index of the wave-length, or wave-length composition, of the stimulus. 
Although this is by no means the only correlation of hue, it is certainly 
the most important one. The problem is best considered separately 
for homogeneous and for heterogeneous stimuli. The spectrum presents 
an orderly series of substantially single wave-lengths, comprising all 
possible homogeneous stimuli. Introspection immediately demonstrates 
the following series of spectral hues, running from the short- to the long- 
wave end of the spectrum: violet, blue, blue-green, green, yellow-green. 
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TABLE 2 

Spectral Cpiroma Scale 


No. Ximii) dX. No. A ^A. No. dX 


1 

700.0 


44 

2 

678.0 

22.0 

45 

3 

65.0 

13.0 

46 

4 

59.0 

6.0 

47 

5 

54.0 

5.0 

48 

6 

49.5 

4.5 

49 

7 

46.0 

3.5 

50 

8 

42.8 

3.2 

51 

9 

40.2 

2.6 

52 

10 

37.8 

2.4 

53 

11 

35.5 

2.3 

54 

12 

33.1 

2.4 

55 

13 

30.0 

3.1 

56 

14 

26.5 

3.5 

57 

15 

23.0 

3.5 

58 

16 

20.0 

3.0 

59 

17 

17.3 

2.7 

60 

18 

14.9 

2.4 

61 

19 

12.5 

2.4 

62 

20 

10.2 

2.3 

63 

21 

08.0 

2.2 

64 

22 

06.0 

2.0 

65 

23 

04,1 

1.9 

66 

24 

02.3 

1.8 

67 

25 

600.6 

1.6 

68 

26 

599.0 

1.6 

69 

27 

97.4 

1.6 

70 

28 

95.9 

1.5 

71 

29 

94.5 

1.4 

72 

30 

93,1 

1.4 

73 

31 

91.8 

1.3 

74 

32 

90.5 

1.3 

75 

33 

89.5 

10 

76 

34 

88.5 

1.0 

77 

35 

87.5 

1.0 

78 

36 

86.4 

1.1 

79 

37 

85,3 

1.1 

80 

38 

84.0 

1.3 

81 

39 

82.7 

1.3 

82 

40 

81.5 

1.2 

83 

41 

80.3 

1.2 

84 

42 

79.1 

1.2 

85 

43 

77.9 

1.2 

86 


1.4 

87 

490.4 

1.1 

1.3 

88 

89.4 

1.0 

1.5 

89 

88.2 

1.2 

2.0 

90 

87.0 

1.2 

1.8 

91 

85.8 

1.2 

1.7 

92 

84.5 

1.3 

1 8 

93 

83.2 

1.3 

1.8 

94 

81.7 

1.5 

1.8 

95 

80.0 

1.7 

1.9 

96 

78.2 

1.8 

2.5 

97 

76.5 

1.7 

2.6 

98 

75.0 

1.5 

2.6 

99 

72.9 

2.1 

1.6 

100 

70.5 

2.4 

2.7 

101 

68.2 

2.3 

3.0 

102 

65.8 

2.4 

3.1 

103 

63.6 

2.2 

3.2 

104 

61.2 

2.4 

3.4 

105 

58.7 

2.5 

3.3 

106 

56.5 

2.2 

3.1 

107 

54.4 

2.3 

3.0 

108 

52.1 

2.3 

2.9 

109 

50.0 

2.1 

2.8 

110 

48.0 

2,0 

2.3 

111 

46.0 

2.0 

2.3 

112 

44.2 

1.8 

2.2 

113 

42.5 

1.7 

2.0 

114 

40.8 

1.7 

2.0 

ns 

39.0 

L 8 

1.6 

116 

37.2 

1.8 

1.0 

117 

35.3 

1.9 

1.6 

118 

33.3 

2.0 

1.4 

119 

31.3 

2,0 

1.4 

120 

29.3 

2.1 

1.3 

121 

27.0 

2.2 

1.3 

122 

24.8 

3.2 

1.3 

123 

22.3 

2.3 

1.3 

124 

19,7 

2.8 

1.3 

125 

16.7 

3.0 

1.3 

126 

13.8 

2.9 

LI 

127 

10.4 

3,4 

LI 

128 

405.8 

4.6 

LI 

.... 

* * • • 

.... 


576.5 

75.2 

73.7 

71.7 
70.1 

6 5 .4 

66.6 

64.8 

63.0 

61.1 

58.6 

57.0 

54.4 

51.8 

49.1 

46.1 

43.0 

39.8 

36.5 

33.2 

30.1 

27.1 

24.2 

21.4 
19 .J 

16.8 

14.6 

12.6 

10.6 

08.0 

07.0 

05.4 

04.0 

02.6 

01.3 

500.0 

498.7 

97.4 

96.1 
94.8 

93.7 

92.6 

91.5 
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yellow, orange, and orange-red. Three psychological primaries are or- 
dinarily Realizable with reference to the spectrum, as follows: yellow at 
575.5 mju, green at 505.5 mju, and blue at 478.5m/x (Westphal, 1909). 
The psychologically primary red requires a heterogeneous stimulus, since 
the extreme red of the spectrum is appreciably yellowish. 

The spectral chroma scale. In order to arrive at a more exact formu- 
lation of the relation between hue and the physical spectrum, we might 
propose to step oif just-noticeable differences in hue, starting at some 
arbitrary point, such as the red. Unfortunately, the spectrum yields 
variations in saturation, as well as in hue, so that we are compelled 
to describe the results of this experiment as a spectral chroma scale. 
The findings of Jones (1917) are given in Table 2. It will be seen that 
there are 128 discriminable chromas in the spectral series and that the 
minimal just-noticeable difference in wave-length is one millimicron. This 
latter value is realized at three points in the spectrum: 588.5 m^t, 507.0 
m/*, and 489.4 mju, respectively. The rate of variation of chroma with 
respect to wave-length shows a maximum at these points, but this rate 
becomes very low at the extremities of the spectrum, particularly at 
the long-wave (red) end. At the present time there are no available 
data from which we can compute a scale of pure hue, eliminating satura- 
tion effects, and such a scale could not be established in terms of homo- 
geneous stimuli alone. 

Saturation as a Function of Wave-Lenffth. Direct introspection shows 
that the saturations of the spectral colors are lower in the middle than 
at the ends of the spectrum. Jones and Lowry (1926) have determined 
the saturations of the spectral colors by stepping off just-noticeable dif- 
ferences in saturation from a gray of the same brilliance along a number 
of constant hue lines. As shown in Table 3, the spectral saturation shows 

TABLE 3 

Saturation Scale Data 

Wave-length, 440 470 470 540 575 605 m 

No. of steps 23 22 19 19 16 20 23 23 


a minimum at about 575 m/A, having a value of 16 at this point, as 
compared with 23 at the extremities. Measurements by Priest and 
Brickwedde (1926) confirm these general relationships in terms of the 
minimal quantity of spectral stimulus which, when added to a *Vhite,'^ 
will yield a noticeable hue or saturation. More yellow is required than 
is the case for any other spectral color, whereas a minimum is needed in 
the case of the extreme violet. Certain facts of color mixture and phe- 
nomena of chromatic flicker also lead to very similar conclusions {vide 
infra ) . In order to generate a scale of equally saturated colors, it would 
be necessary to add “white^^ — or else a certain proportion of complemen- 
tary stimuH~to all wave-lengths, with the exception of 575 m/*. 

Chroma as a Function of W ceve-Length Composition. When hetero- 
geneous stimuli are employed, the manner of determination of chroma. 
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becomes highly complex. There are, of course, an infinite number of 
possible combinations of wave-lengths, showing either a continuous or 
a discontinuous distribution of intensities with respect to the wave-length 
scale. The principles which must apply to continuous distributions can be 
developed from those for a finite number of discrete wave-lengths. The 
simplest classification is, of course, that involving mixtures of only two 
homogeneous stimuli. 

Two-component mixtures. If we select a stimulus of single fixed 
wave-length at the long-wave end of the spectrum and mix with it a 
second stimulus having any desired other wave-length, changing the 
latter gradually towards shorter values, the following phenomena are 
observed. The hue which is evoked by the mixture varies continuously 
from red through orange, yellow, yellow-green, and green until the 
variable stimulus reaches a wave-length of approximately 492 m/x. (cor- 
responding to a blue-green). At this point, if the intensities of the two 
stimuli are properly chosen, the subjective result is a gray — or some 
achromatic color — and the stimuli in question are said to be complementary. 
Up to a wave-length of about 580 m/A, the saturation of the mixture 
is practically identical with that belonging to the spectrally evoked 
color of the same hue. However, with shorter wave-lengths than 580 
m/x, the saturation is less than spectral. The exact hue and saturation 
depend, in any case, upon the ratio of the two stimulus intensities, as 
well as upon their respective wave-lengths. For any pair of wave-lengths, 
the hue can be made to vary continuously from that belonging to one 
to that normal to the other, by passing through the whole gamut of 
possible intensity ratios. When the wave-lengths are complementary, 
variations in intensity ratio can yield only two hues, namely, those belong- 
ing to the given component wave-lengths, respectively. That hue will 
appear, the stimulus for which is in excess of the complementary ratio. 
The saturation will increase as the intensity relations depart from the 
ratio in question. 

If the variable wave-length in the two-component mixture is carried 
beyond the complementary point, the hue attaching to the mixture will 
correspond to that for a wave-length which is intermediate between the 
variable stimulus and the short-wave end of the spectrum, or else it will 
belong to the series of purples (vide infra). If, in this experiment, the 
long-wave (fixed) stimulus be made progressively shorter, the correspond- 
ing complementary point will also shift towards shorter wave-lengths. 
When the long-wave stimulus reaches about 567 mjtx, the complementary 
will be located approximately at the extreme short-wave end of the 
spectrum. The experiment can, of course, be repeated with the “fixed^* 
wave-length at the short-wave end of the spectrum and in this case 
the results will follow principles that are logically identical with those 
above stated, but involving, primarily, the range of hues between the 
violet and its complementary, the yellowish green.' 

It appears, from the above-stated facts, that, with respect to two- 
component mixtures, the Spectrum is divisible into three ranges of wave- 
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lengths. Members of one extreme range find their complementaries 
within the other extreme range, but the middle range of wave-lengths 
has no complementaries within the spectrum. Table 4 shows the pairs 

TABLE 4 

Wave-Lengths of Spectral Complementaries 


(According to Sinden) 


Given wave- 
length 

Complementary 

wave-length 

Nine ob- 
servers 

Extreme red 

496.5 

497.1 

609 

493.5 


609.5 


494.1 

591 

490. 


586 

487.5 


581 


485.5 

580 

482.5 


578.5 

480.5 


576.5 

477.5 


575.5 

474.5 


574 

472. 


573 

466.5 


572 

459. 


570.4 



570 

Extreme violet 



of complementary wave-lengths as found by Sinden (1923). According 
to Priest (1920i), complementary wave-lengths are related to one another 
in harmony with the equation for a rectangular hyperbola. The intensity 
ratios, which are required, at complementary wave-lengths, to yield an 
achromatic color, vary with the identity of the complementary pairs. If 
these intensities are measured photometrically, it appears that the short- 
wave stimuli have, in general, a much higher chromatic power than the 
longer-wave stimuli. Thus, the photometric amount of violet which must 
be added to the yellow-green to yield a gray is approximately 1 per cent 
of the brightness of the yellow-green (Sinden, 1923). 

The extra-spectral hues, or ^^purplesf^ As has already been noted, 
mixtures of long- and short-wave stimuli, preferably taken from the spec- 
tral extremities, yield a range of chromas which are ordinarily called 
purples, although they include the psychologically primary red and a few 
slightly yellowish reds. Since the extreme spectral reddish hue is somewhat 
yellowish, it is necessary to add a small proportion of short-wave stimulus 
to secure the psychological red. According to the work of F. O. Smith 
(1925), there are 28 just-noticeably different chromas in this extra-spectral 
series, making a total of 156 maximally saturated colors around the entire 
hue cycle. 

Three-'component mixtures* Experiment shows that the extra-spectral 
series of two-component mixtures has complementaries within the mid- 
region of the spectrum, which finds no homogeneous complementary 
stimuli j the purplish hues are, in general, complementary to the greenish 
ones, A complementary combination of this sort obviously comprises a 
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three-component mixture. Greenish or purplish colors of many difEerent 
saturations can be evoked by appropriate choices of relative intensities 
between the mid-spectral and the extreme-spectral pair. From these and 
previous considerations, it can be seen that such a combination of three 
stimuli can be varied, in intensity ratios only, so as to match all possible 
hues and a wide range of saturations. The intensity of one or even two 
members of the triad can, of course, be made zero, yielding a two- 
component or a homogeneous stimulus, respectively. This three-component 
system, consisting of a mid-spectral and two opposite extreme-spectral 
stimuli, therefore furnishes us with a method for formulating the entire 
system of colors as a function of three independent variables having fixed 
wave-length characteristics. 

This system is capable of dealing with the achromatic as well as with 
the chromatic features of color but, if the former are excluded, the facts 
can be stated in terms of two independent variables, expressing the 
ratios rather than the absolute values of the three intensity components. 
Such a two-variable scheme is the basis of the ordinary color-mixture 



FIGURE 7 

The Color-Mixture Triangle, in Relation to a Tridimensional Coordinate 

System 

(From L. T. Troland^s Principles of Psychophysiology, VoL 2, 1930, by permission 
of the publishers, Van Nostrand, New York.) 
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triangle. We can represent all possible combinations of three variables 
by means of a three-dimensional system of Cartesian coordinates, as shown 
in Figure 7. Any point in this system will have three parameters, cor- 
responding to the respective intensity measures of the three mixture-com- 
ponents, If desired, these intensities can be expressed either in radio- 
metric or in photometric units, but, in practice, a different basis 
of measurement is ordinarily used in order to avoid the asymmetry 
which results from the very unequal chromatic powers of the 
several primary wave-lengths. The preferred scheme assumes that 
the proportions of the three stimuli which combine to yield a gray 
are metrically equal. This means that a line forming a central 
axis between the coordinate planes of Figure 7 represents the locus 
of all achromatic colors or of the corresponding mixtures. Now, if 
we wish to avoid absolute measures, we can confine our attention to 
the angular projections of points in the total system upon a surface RGB 
which is perpendicular to the achromatic axis. This projection surface 
is evidently bounded by an equilateral triangle similar to the conven- 
tional color-mixture diagram (see Figure 8). 

In order to locate specific colors with respect to a system of this sort, 
we must establish points or lines within it, corresponding to colors which 


G 



The Color-Mixture Triangle, with the Locus of the Spectral Colors 
(From L. T. Troland’s Principles of Psychophysiology, VoL 2, 1930, by permission 
. of the publishers, Van Nostrand, New York.) 
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are determined by some criterion other than that of mixture proportions. 
The most important of such independently specified systems of colors is 
undoubtedly that provided by the spectral series. The spectrum can be 
‘‘calibrated’^ in terms of a three- component system by matching each of 
the spectral hues with an appropriate proportion of intensities in the 
three-component mixture. In practice, it is found impossible to secure 
complete saturation matches in all cases. However, perfect matches 
can be obtained if an appropriate amount of complementary is added to 
those spectral stimuli which fail otherwise to match in saturation. The 
amount of such admixed complementary enables us to compute a theoreti- 
cal locus for the corresponding spectral color, outside of the area bounded 
by the triangle. Such a locus is significant of negative values in the 
original Cartesian system of coordinates. The necessity for such a place- 
ment of the majority of the spectral colors eventually leads us to re- 
compute the three-component scheme in terms of primaries which have 
super-spectral saturations. This reconstruction permits us to assign a 
locus to the spectral series, as a whole, within the triangle, as shown in 
Figure 8. Other systems of colors, such as those produced by black- 
body radiation at various temperatures, can be plotted in a similar way 
(Troland, 1922^). 

Each point in the plane of the color-mixture triangle represents a 
specific chroma, and the consequences of mixing the stimuli corresponding 
to two or more chromas can be determined by purely mathematical con- 
siderations applying to the triangle. If stimuli corresponding to two 
separate points in the triangle are mixed in chromatic intensities having the 
ratio X \v> then the chroma resulting from such mixture will be represented 
at the centroid of the two-point system. This centroid has the position 
of an imaginary center of gravity, as if x and y were specifically 
localized masses. Mixtures involving more than two components can 
be handled by successive combinations in pairs, in accordance with the 
same principle. In this way, the color-mixture triangle provides a method 
for studying the consequences of any kind of stimulus mixture, no matter 
how complex. 

Mixtures consisting of a continuous distribution of intensities along the 
wave-length scale can be handled by dividing such continua into a finite 
number of regions, each of which does not appreciably exceed in 
span the just-noticeable difference in wave-length in its own partic- 
ular position. These artificial components can then be^ treated by 
the principle of the color-mixture triangle. Moreover, Priest (1920^) 
has shown that if the centroid of the intensity-distribution curve, plotted 
in photometric terms, is determined, it lies at a wave-length whose hue 
very closely approximates that belonging to the mixture. The saturation 
will, of course, be lower, the greater the spread of the stimulus in the 
spectrum. 

The relative constitution of any chroma which is represented in the 
triangle in terms of the three selected mixture-primaries is given by the 
lengths of the three perpendiculars dropped from the point representing 
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the chroma in question to the three respective sides of the triangle. A 
study of the geometry of the triangle shows that the linear sum of these 
three perpendiculars is a constant, regardless of the position of the given 
point in the triangle. The results obtained by calibrating the spectrum in 
terms of a three-component mixture can be plotted in the form of three so- 
called chromatic excitation curves shown in Figure 9, the corresponding 



FIGURE 9 

The Elementary Color Excitations as a Function of Wave-Length 
(According to Weaver. From ^‘Report of the Colorimetry Committee of the 
Optical Society of America,” L. T. Troland, Chairman. J. Opt. Soc. Amer,, 1922.) 

numerical values being given in Table 5, which represent a combination 
of the data of Abney (1913) and of Konig and Dieterici (1892). These 
curves reveal the proportions of the three components which are required 
for a color-match at each wave-length, the units being so chosen as to 
make the three areas equal, in harmony with the requirement that equal 
amounts of the three primaries should yield a gray or white. The cor- 
responding numerical values are given in Table 4. 

It should be noted that there is a wide range of freedom in the choice 
of the three primaries for the general type of system which we have 
just been discussing. However, the best selection seems to be an extreme 
long-wave stimulus (spectral red), a wave-length corresponding to the 
spectral green at about 505 m/u, and either an extreme short-wave stimulus 
or one evoking a blue, at 475 mja. The choice of a ‘*blue'^ in place of 
a 'Violet” has an advantage on account of the psychological primacy of 
the former, but requires a recrudescence of the red primary in the violet 
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TABLE 5 

Spectral Colors in Terms of Elementary Excitations 
These values are for an equal energy spectrum. The lelative magnitudes 
of the three elementary excitations have been chosen so that the curves for average 
noon sunlight have equal aieas; that is, if the percentage values are plotted 
on a trilinear diagram, sunlight falls in the center. The absolute excitation 
values are based upon a convenient arbitrary unit. The percentage values are 
given for the red and violet only, since those for the green can be found by sub- 
tracting the sum of the other two values from 100 in each case. 

Wave- Excitations Peicentages Wav^e- Excitations Percentages 
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to account for the reddish hue of the latter. It is also possible to re- 
compute the system in terms of an extra-spectral stimulus corresponding 
to the psychologically primary red. Any set of primaries thus determined 
can be designated as stmmlus, in opposition to psychological primaries. 

The trichromatic excitation curves, as represented in Figure 9, have 
recently been redetermined by Wright (1928-29) and by Kohlrausch and 
Sachs (see Kohlrausch, 1931), their results not differing in an important 
way from the classical ones of Konig and Dieterici or of Abney. 

Chroma as a Function of Intensity* The color-mixture system, which 
we have just considered, really establishes no fixed relationship between 
hue and saturation (as subjectively measured) and the stimulus variables. 
The scheme of three-color mixture-matching resembles the visibility pro- 
cedure in that subjective matches are made the criteria for deterrnining 
an equivalency between physically different stimuli. The color triangle 
takes no cognizance of absolute intensities, but the latter have an im- 
portant bearing upon absolute hue and saturation. ^ Starting at the 
lowest or absolute threshold intensities, increase in intensity is accompanied 
by the following progression of hue and saturation changes. Using 
homogeneous stimuli, we find, in the minimal intensity range, a tendency 
towards a very unsaturated or even a wholly achromatic color. This 
tendency is more marked, in the case of the short than in that of the long 
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waves. Red appears in practically undegraded saturation at the lowest 
intensities, whereas the normal wave-lengths for blue evoke a pure 
gray under such conditions. The intensity range over which this gray 
appears is commonly known as the photochromatic interval (Parsons, 
1924). The magnitude of this interval is less in the center than in the 
periphery of the visual field, although the recent careful measurements of 
Purdy (see Troiand, 1930, pp. 167-168) show that it is obtainable, with 
all colors except extreme spectral red, in strictly foveal stimulation. It 
increases markedly with scotopic dark-adaptation in the periphery. The 
intensity range of the photochromatic interval corresponds approximately 
with the degree of dominance of the scotopic visibility curve, which is 
associated with a purely achromatic visual effect. The interval is there- 
fore equal to zero in all parts of the visual field for wave-lengths greater 
than 665 m/t. 

As the intensity is increased, the saturation of the originally desaturated 
color at first increases but begins to diminish again at a higher intensity 
level. According to the results of Purdy (see Troiand, 1930, pp. 168- 
169), the maximal saturation is found at higher intensities in the middle 
than at the two ends of the spectrum. The distribution of the intensity 
for maximal saturation, over the spectrum, in fact, follows a law which 
indicates that this intensity is lower the higher the saturation of the given 
spectral color. It is commonly stated that high intensities can be found 
at which homogeneous stimuli yield purely achromatic colors or “white,” 
but this assertion does not appear to have been tested accurately. In ad- 
dition to the saturation decrease, with increasing intensity in the higher 
intensity range, there is a systematic shift of the hues in relation to wave- 
length, an effect which is known as the Bezold-Briicke phenomenon. This 
can be demonstrated through a simultaneous comparison of the hues evoked 
by stimuli of the same wave-lengths but of different intensities. The colors, 
on either side of the psychological red and green, shift in hue towards the 
psychological blue or yellow. In this process, three “invariable” points are 
demonstrable within the spectrum. According to results obtained by 
Purdy (1931) working in my laboratory, these points lie at about 575 m/A, 
507 m/A, and 474 m/A, respectively, for an intensity change between 100 
and 1000 photons. As demanded by the general form of the Bezold- 
Briicke function, Purdy also found an invariable hue in the purple series, 
produced by the mixture of short- and long-wave stimuli in suitable ratio. 
The hue in question is a slightly bluish red, and only one such invariable 
hue is demonstrable in the extra-spectral range of colors. The manner 
of variation of apparent wave-length between 100 and 1000 photons over 
the whole spectrum is shown in the accompanying curve (see Figure 10) 
taken from Purdy's work. In this system, the yellow and blue act like 
points of stable equilibrium, whereas the red and green behave as points 
of unstable equilibrium, the hues shrinking away from the latter towards 
the former regions. 

Spatial Determinants of Chroma, The chromatic attributes vary as 
functions of the angular size, shape, and position of the stimulus within 
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FIGURE 10 

Graph of the Bezold-BrIjcke Effect 

(According to Purdy. From L. T. Troland’s Principles of Psychophysiology, FoL 

2, 1930, by permission of the publishers, Van Nostrand, New York.) 

the field of vision. They are also radically influenced by the state of stimu- 
lation in outlying retinal regions. According to Ackermann (1924), the 
chromatic threshold (for color mixed with white) is minimal when the 
surroundings are of equal brilliance. Hue and saturation are markedly 
affected by reductions in the size of the stimulus. With very small angu- 
lar sizes, certain common wave-length discriminations, such as that be- 
tween “blue** and “green,** are lost entirely, particularly with a bril- 
liant surrounding field. Purely chromatic patterns disappear much more 
readily than do achromatic ones. These phenomena appear not to have 
been studied quantitatively. 

Chromatic zones. The changes of hue and saturation with respect to 
position in the visual field follow a law which is formally similar to that 
governing the Bezold-Briicke phenomenon. In this relation the center 
of the field corresponds to medium, and the periphery to extremely 
high intensities. This means that if a stimulus, cither homogeneous or 
heterogeneous, is moved, centrifugall 5 % it must lose saturation and its 
hue must shift in the manner which we have considered. Certain 
red, green, yellow, and blue colors remain invariable, while intermedi- 
ates move towards the blue or the yellow. In general, the rate of de- 
saturation of the red and green, with respect to angular departure from 
the center, is greater than that of yellow *and blue. According to the 
work of Baird (1905) and others, if the stimuli for the members of these 
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respective color pairs are of the composition required for complementary 
combination, they lose their chromas at the same peripheral position. 
These facts have led to the notion of color zones within the visual field, 
according to which the center of vision has full trichromatic response; an 
intermediate more peripheral zone has yellow-blue vision only, while the 
extreme periphery yields achromatic colors alone. However, the studies of 
Ferree and Rand (1919) indicate that these zones, if they exist at ail 
anatomically, are not rigidly fixed but are dependent upon the intensity 
as well as upon the purity of the stimulus. They find that all hues, with 
the exception of green, are evocable under the most favorable conditions, 
even at the extreme periphery. 

Chroinatic contrast. The chroma which is evoked by a given stimulus 
acting upon a restricted test field is influenced markedly by the state of 
excitation upon adjacent areas. The general principles which are in- 
volved can be formulated most concisely in terms of subjective variables, 
a procedure which is legitimate because contrast effects are evidently con- 
ditioned not directly by the action of the outlying stimulus but in- 
directly by their excitation consequences. Broadly stated, chromatic con- 
trast displaces the contrasting colors in the direction of a complementary 
relationship. This principle can be interpreted as implying saturation 
as well as hue changes. Thus, if the test field contains an unsaturated 
red while the surrounding field is a saturated red, the test field will 
become less saturated than in the absence of the latter, through contrast 
action, as if a certain quantity of surrounding field complementary had 
been added to it. On the other hand, if the test field is normally achro- 
matic, the reddish environment will induce a bluish-green tinge, while, 
if it were initially blue-green, its saturation would be increased through 
the contrast action. 

It has been demonstrated by Kirschmann that chromatic contrast is at 
a maximum when the test and surrounding fields are of equal brilliance 
(**Kirschmann’s law’^). Chromatic contrast is favored by similarity or 
uniformity of texture between the two fields and by an absence of dark 
boundary lines. 

Chroma as a Function of Ti?ne. Numerous studies have been made 
upon the laws of rise or decay of different colors. There is plenty of 
evidence that the chromatic constituents of ‘Vhite*^ grow and decay^ at 
different rates, the front edge of a moving white object being reddish, 
while the rear edge is bluish. Broca and Sulzer (1902, 1903) found 
the rate of rise of spectral stimuli to increase in the order: green, red, 
blue; but Bills (1920), using photometrically equal intensities, noticed 
the highest speed at 580 m/x and the lowest at 563 mfi. According tc 
Stainton (1928), the time required to reach maximal brilliance is de- 
pendent only upon brilliance and is independent of hue with strictly 
foveal stimulation. Ives (1918) found that the inertia decreases pro- 
gressively with diminishing wave-length, so that mixed red and blue or 
red and green can be separated spatially by means of an oscillatory move- 
ment of the stimulus over the retina. However, in these effects, we are 
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apparently dealing not with the chromatic attributes alone but with the 
total color. 

Pieron {\929b) has reported experiments in which chromatic stimuli 
have been quickly substituted for achromatic stimuli yielding the same 
brilliance, a device which permits a study of the laws of rise of the chro- 
matic attributes, separately from those applying to brilliance. He finds 
that there is an overshooting of the saturation at the maximum, followed 
by a decay which reaches no true stable level, as in the case of brilliance. 
The rate of rise of the chroma is independent of stimulus purity, but is 
more rapid the greater the wave-length of the stimulus for the colors: 
red, green, and blue. 

Chromatic flicker can be evoked by alternating, upon the same retinal 
area, two stimuli which differ in wave-length composition but which are 
photometrically equal. This is the principle of the well-known flicker 
photometer, when a brilliance match has been attained. The critical 
flicker frequency is at a minimum when the two stimuli have the same 
photometric value, and the magnitude of this minimum increases with 
the chromatic difference between the two colors. When each of the 
spectral colors is alternated wdth an achromatic color of about the same 
brilliance, a minimum is found at 575 mjx (Troland, 1916), correspond- 
ing with the minimum of saturation at this point. Ives and Kingsbury 
(1914, 1917) have shown that the quantitative laws which govern these 
phenomena are in harmony with those to be expected from the specific 
inertias or diffusivities which attach to the different spectral stimuli. 

When chromatic fusion is attained, the resulting chroma is the same 
as would be produced by a temporally smooth distribution of the same 
stimulus combination. This is the principle of chroma mixture with 
rotating sector disks, and corresponds to the Talbot-Plateau law for 
brilliance. 

Chromatic adaptation. Continued exposure of a fixed retinal region 
to a chromatic stimulus is accompanied by a loss of saturation which, 
in certain cases, may be complete. It has been claimed by Voeste (1898) 
and others that there is also a shift in hue similar to that observed in 
the Bezold-Briicke effect. However, C. H. Langford and the writer 
(1925) have shown that there is actually no hue change, the effect ob- 
served by Voeste being the Bezold-Brucke phenomenon itself. My 
experiments also demonstrate that, when the initial saturation is high, 
even equilibrium adaptation does not completely destroy the chroma 
(as claimed by Hering). The asymptotic saturation is uniformly greater, 
the higher the original saturation, although if the latter is very low the 
chromatic effect may be carried below the threshold. 

Chromatic after-images result when adaptation, as above described, 
occurs on a restricted visual area. If the original stimulus is withdrawn 
and the visual field is observed in the dark, the after-image will ordi- 
narily be complementary in hue. This is also the case when we employ 
a reacting stimulus that would normally yield an achromatic color. 
However, if the original stimulus is left in place but is lowered in in- 
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tensity, a wide variety of chromatic changes can be induced. In this 
so-called dimming effect, which Dr. Karwoski and I (1917^) have studied 
very extensively, there is a great predominance of purplish hues. The 
change in hue is greater, the greater the fractional dimming and the 
higher the intensity of the original stimulus or the greater the extent 
of the adaptation. The predominance of purples, together with the 
relations which are found between the chromatic effects and the original 
hues, makes it impossible to explain the chromatic dimming phenomena 
in terms of the usual complementary after-image principle. These phenom- 
ena seem to rest upon differences in the rates of change of separable 
chromatic components subsequently to the dimming. Apparently, the 
green component falls more rapidly than do the red and the blue, at 
least under conditions of selective chromatic adaptation. 

If such transitional phenomena are neglected, it appears that chromatic 
adaptation can be expressed in terms of a “coeiEcient law” applying to 
separable chromatic constituents. Any case of chromatic adaptation 
involves an alteration in the proportions of these constituents, and such 
an alteration combines with any stimulus so as to change the chroma 
which It evokes, as if the proportions of the color-excitation curves of 
Figure 8 had been semi-permanentlv modified. 

Color-Blindness. Important differences are found between individ- 
uals in regard ^ to the psychophysics of both the chromatic and the 
achromatic attributes. In addition to relatively small fluctuations, such 
as occur in any biometric data, there are larger variations which in- 
dicate distinct types or species, different from the normal. The most 
striking of such aberrant types are those corresponding to what is com- 
monly called color-blindness. Color-blindness, in its most extreme mani- 
festations, is at most only chroma blindness and in the commonest forms 
is only red-green blindness. Although, according to Schjelderup (1920^), 
there are at least 18 significant species of color-blindness, the most im- 
portant types are: (1) anomalous trichromatism; (2) dichromatism, 
including {a) protanopia, {b) deuteranopia, and (c) tritanopia; and (3) 
monochromatism (Parsons, 1924, Part 2). 

The anomalous trichromats experience a range of chromas which is 
qualitatively similar to that given to the normal trichromat, and they 
require three separate stimuli to match the spectral hues by mixture. 
However, their mixture ratios depart rather radically from the normal. 
Thus, in matching a spectral yellow with a mixture of long- and inter- 
mediate-wave stimuli (red and green), either an excess of the former 
or of the latter may be required, indicative of the protanomalous and 
deuteranomalous types, respectively. The protanomalous suffers a re- 
duction in the brilliance (visibility) of the red as well as in its color- 
mixture power. The anomalous condition is characterized by generally 
high thresholds, easy visual fatigability, increased contrast effects, and 
other evidences of functional unbalance. 

In the first two forms of dtchromntism, chromatic experiences are re- 
duced to terms of the two psychological prii;naries, yellow and blue. 
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About 4 per cent of males and about one-tenth of this proportion of 
females suffer from this defect, in the human species, and the condition ex- 
hibits the properties of a ]\Iendelian sex-linked character. Tritanopia is a 
much rarer condition in which the yellow and blue ps3^cholof:;ical primaries 
are absent. It is apparently attributable to retinal disease rather than 
to hereditary variables, Dichromats of any type can color-match the entire 
spectrum by means of only two mixture-components, so that their color 
systems can be represented by lines, in place of the usual plane fipjure 
of the color-mixture trianj^le. The dichromats attach an achromatic 
color to a certain homogeneous stimulus, lying at about 492 m/x for 
the protanopes, at about 498 m/A for the deuteranopes, and at about 
583 m/x for the tritanopes. 

The principal difference between the protanopic and deuteranopic types 
appears to consist in the radical reduction in visibility for the former at 
the long-wave end of the spectrum, in comparison either with the normal 
trichromatic or with the deuteranopic types. This means also that in 
color-mixture equations, matching intermediate spectral colors, the pro- 
tanopes require more long-wave intensity than normal. It is an im- 
portant fact that color-matches which are established by normal trichro- 
mats are valid for any dichromat, which makes it possible to regard 
dichromatism as derived from trichromatism by the simple loss of a unit 
chromatic process. Trichromatic excitation curves have been computed 
by Konig and Dieterici (1892) in such a manner that the ‘‘red*’ curve is 
identical with the long-wave curve of the deuteranope, and the “green” 
curve is the same as the long-wave curve of the protanope. However, 
cases of monocular dichromatism indicate that the chromatic experiences 
are qualitatively alike for both types, so that they fail to correspond 
subjectively with the old-fashioned distinction between “red”- and “greeny- 
blindness. ^ ^ J 

In monochromatism, color experience is limited to a purely achromatic 
scale of grays. The visibility curve is of a scotopic type and is ordinarily 
accompanied by a condition of day-blindness or photophobia. These 
facts indicate the functional absence of the photopic system in its en- 
tirety, corresponding to an inoperative state of the retinal cones. There 
is also a very rare form of monochromatism in which the visibility curve 
is of the photopic type (Exncr, 1923). T^he reverse of the condition, in- 
volving a loss of scotopic or rod function, is well known under the name 
of hemeralopia or tiu/hf-blindness. 

An exhaustive treatment of the various kinds of color-blindness is given 
by Muller (1924). 

VI. Binocular Relations of Color 

Under the commonest conditions of vision, the differences between 
the stimulus patterns which are presented to the two eyes, respectively, 
have relatively little bearing upon color phenomena, although they pro- 
foundly affect the experience of depth. However, when regularly reflecting 
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surfaces are involved or under artificial conditions, large corresponding 
areas of the two retinas can be stimulated quite differently. In such cases, 
special subjective phenomena of color are observable. The most familiar 
of these effects is that known as luster, the peculiar glint which characterizes 
metallic and other polished surfaces. It is attributable to the difference in 
intensity between corresponding areas of the two retinal images. 

Rivalry and Fusion, When, under artificial circumstances in the labora- 
tory, large retinal aieas are stimulated discrepantly in this way, experience 
is apt to show an alternation between the colors, textures, or patterns be- 
longing monocularly to the respective stimuli. This effect is called retinat 
rivalry. The large number of experimental studies which have been made 
upon it show that its liability to occur and the rate of alternation increase 
with increasing difference between the discrepant stimuli (Roelofs, 1921). 
Rivalry may take place within restricted portions of the visual field, as 
well as sometimes involving the total field. 

In the absence of rivalry, the so-called fusion quality in consciousness 
usually corresponds to a mean between the colors belonging to the two 
monocular stimuli. In the case of discrepant brilliances, the “fused” 
color is naturally less brilliant than the higher of the two monocular 
brilliances. This effect is so opposed to the normal expectation, viz., that 
the two intensities should add arithmetically, that it has been called 
Fechner’s paradox, after the man who first studied it quantitatively. 

Binocular Color Mixture. When the two discrepant stimuli are such 
as to yield chromatically different colors, a similar principle applies, the 
color tending to lie midway between those normal to the individual mem- 
bers of the given stimulus pair. The majority of observers have found 
it difficult to secure satisfactory fusion when the chromatic differences 
were large. However, the recent work of Hecht (1928) shows that, 
if the stimulus pattern is favorably chosen, a resultant color can be 
obtained even with the greatest possible chromatic discrepancy. Under 
these conditions, complementaries yield “white,” while red and green 
evoke yellow (see next chapter). 

Binocular Flicker, When stimuli are alternated between the two eyes, 
so that the dark intervals for one eye are filled by a positive stimulus 
at the other eye, the critical flicker frequency is only slightly different 
from what it would be if only a single eye were involved. This seems 
to mean that, at ordinary critical flicker frequencies, the locus of the 
fusion process is retinal rather than cerebral. The laws which govern 
binocular flicker have been studied in detail by Sherrington (1906). 

VI L Monocular Laws Governing Visual Form 

We have noted that the subjective visual field has a three-dimensional 
structure, but that it is nevertheless capable of being viewed as projected 
upon a plane which is perpendicular to the empirical line of sight. The 
pattern of colors appearing upon this plane at any moment is primarily de- 
termined by the distribution of stimuli or of stimulus characteristics over 
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the composite retina (right and left eyes together). If one eye is closed, 
so that we are dealing with actual monocular vision, we can avoid the com- 
plications which are due to binocular disparation. In the field before the 
eyes, considered objectively, the corresponding pattern of objects or of 
stimuli must be expressed in angular terms with respect to the average 
position of the eves, or else the configuration of the object field must be 
projected, towards this point, upon a surface which is preferably spherical 
and axial with the average line of regard. 

Visual Acuity, The relation of the patterns, which appear in the visual 
field, to the object field outside of the eyes is characterized by a finite 
resolving power or definition, analogous to that of a lens system. This 
means that patterns of angular detail smaller than a limiting value 
receive no specific representations in the corresponding visual conscious- 
ness. This finite resolving power of the visual system is usually measured 
in terms of an ability to discriminate between two parallel dark lines, 
separated by a w^hite interspace. The acuity measure is taken as the re- 
ciprocal of the angular separation of these lines, measured in minutes of 
arc, and the standard of good acuity at favorable illumination levels 
is taken as unity on this scale. 

Visual acuity varies as a function of practically every stimulus attribute. 
Thus, it alters with wave-length and with wave-length composition, 
being greater for mid-spectral stimuli than for the extreme long or 
short waves of the spectrum. These variations can be attributed in part 
to the chromatic aberration of the eye, which causes rays of different 
wave-lengths to come to a focus differently upon the retina. Optical 
phenomena of diffraction and scattering of light, which are involved 
in the formation of the retinal image, also vary with wave-length and 
affect the sharpness of vision. Acuity is particularly bad with mixtures 
of wave-lengths from the two spectral extremities, as in the case of 
the rays which are transmitted by a purple cobalt glass. This is due 
to the impossibility of bringing both of these classes of rays to a sharp 
retinal focus at the same time. 

Acuity also varies in a very important way as a function of the stimulus 
intensity. When the retinal illumination is decreased below a level 
of about 60 photons (cf. next chapter), the acuity also begins to de- 
crease, becoming extremely poor near the absolute threshold. The acuity 
is constant over a considerable range of higher intensities in the region 
where the relative intensity discrimination threshold is approximately 
constant, but diminishes at still higher intensities, which yield “glare.*^ 
Measurements show that, in the lower intensity range, the value of the 
acuity is a logarithmic function of the intensity value, according to 
a law having two sections with different constants. The details and 
explanation of these acuity functions in relation to the retinal process 
are presented in the ensuing chapter by Dr. Hecht. It should be noted that, 
although the basis of these variations is primarily retinal, acuity is favored 
at higher intensity levels by the constriction of the pupil, a small lens 
diaphragm being helpful to good definition in optical systems. 
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Acuity also varies radically with change in the position of the stimulus 
pattern within the visual field, falling off rapidly from the center towards 
the periphery (Zoth, 1905). This is to be attributed, in part, to the in- 
ferior optical resolving power of the eye in the periphery, but even more 
to the greater minuteness of retinal structure in the central region, 
together with the superior detail of the corresponding nerve connections. 

Distortions of Form, The visual system shows characteristic distortions 
of form which are similar to those manifested by uncorrected lens systems. 
Among these are included barrel distortion, coma and astigmatism. Other 
distortions reveal peculiarities of structure in the ocular tissues. Thus, the 
**rays’’ seen on stars and similar brilliant points of light are attributable to 
directional scattering of the stimulus by the radial laminations of the 
crystalline lens. Halos are sometimes observable around bright objects, 
in consequence of diffraction by the cells of the cornea. With short-wave 
rays sharply localized within the pupil, a snake-like figure, corresponding 
to the retinal blood-vessels, can be perceived. Numerous other entoptic 
phenomena have been described by Purkinje (1819, 1825) and his suc- 
cessors. 

One of the most interesting of these consists in the so-called *^blue arc 
phenomenon.” This consists of curved shafts of luminescence which can 
be seen shooting off from a patch of brilliant color (preferably red) pre- 
sented against a dark outlying field. These arcs connect the primary 
stimulus patch with a position in the visual field corresponding to the exit 
of the optic nerve fibers and seem to be due to nerve currents passing 
across the retinal surface from the primarily stimulated receptors. Gertz 
(1907, 1909) and others have regarded. the mechanism of the secondary 
stimulation as electrical, but Mrs. Ladd-Franklin (1927) argues that tjie 
nerve currents must actually generate radiant energy, since the blue arcs 
have a definite after-image. The blind-spot itself presents another case 
of failure of the subjective visual pattern to correspond with the con- 
figuration of the object field, what is presented in the blind-spot being 
determined mainly by the stimuli acting upon the retina outside of the 
papilla (exit place of the optic nerve). 

Geometrical optical illusions. Another species of visual distortion of 
form is comprised by the so-called geometrical optical illusions. These 
consist of figures made up of various combinations of lines or areas, in 
which the apparent relations of the given units differ from those which 
can be proven to exist between the corresponding stimulus or object ele- 
ments. Thus, in the familiar Miiller-Lyer illusion, two objectively equal 
distances are represented subjectively as unequal because of differences in 
the directions of arrow-heads which are attached to the ends of the two 
distances or lines. Straight lines may appear curved or broken, parallel 
lines may be represented as non-parallel, and so on. Such discrepancies 
between the objective and the subjective patterns appear to arise from 
peculiarities in the relationships of the various constituents of the given 
configurations. Thus converging arrow-points have a shortening effect, 
while diverging ones act in the opposite manner. A number of these 
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patterns are shown in Figure li. The causes of these distortions, in 
general, are to be sought in cortical rather than in intra-ocular functions. 
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(From G. T. Ladd and R. S. Woodworth’s Elements of Physiological Psychology^ 
1911, by permission of the publishers, Scribner’s, New York.) 
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VIIL Depth and the Binocular Determination of Visual Form 

Monocular Criteria of Depth. The third or depth dimension of visual 
space is determined in adult experience by both monocular and binocular 
stimulus factors. However, the latter are ordinarily regarded as primary, 
and the former as secondary criteria of depth. This may mean either that 
the monocular factors act by conditioning the binocular ones or that, in 
general, they are less cogent than are the latter. The monocular criteria of 
depth include all those features of the stimulus pattern, presented to a 
single eye, which are normally associated with distance or distance^ rela- 
tions. Thus, the appearance of bluish haze, due to atmosphere, is or- 
dinarily significant of distance; the covering of one object by another has 
a similar meaning; as objects retreat from the eye, their bases norinally 
come closer to the horizon; the directions of shadows, when the position 
of the light source is known, tell something about depth distances. Motion 
of the observer also provides a powerful cue to depth because of the 
variation of the apparent angular velocity of an object as a function of 
distance from the eye. 

Binocular Criteria of Depth. The binocular criteria of depth rest upon 
the fact that the projections of identical object fields (having objects at 
various distances) upon the right and left eyes are never exactly similar, on 
account of the difference in point of view of the two eyes. However, 
this dissimilarity, or disparation, decreases rapidly with increasing depth, 
falling below the binocular acuity limit at a distance of about 580 meters 
(Stain ton, 1928). We can, therefore, assume an effective identity of the 
two retinal patterns for distances beyond this point, with an increasing 
degree of disparation for diminishing depth distance. Disparation can be 
measured in terms of the degree of failure of identical object points to be 
imaged upon corresponding retinal points. The latter are defined as com- 
prising the pairs of points which would coincide if the two retinas were 
brought into superposition, with their physiological centers and vertical 
axes in registration. When the eyes are in their normal positions, the 
axes, corresponding to the individual monocular apparent verticals, make 
an angle of about two and a quarter degrees with each other, converg- 
ing downwardly to a vertex which is approximately in the floor plane 
(Helmholtz, 1925, pp. 424-426). The lines of regard, passing through 
the respective retinal centers, meet at the object point which is fixated. 

Horopters. Under such conditions the projections of certain pairs 
of corresponding points, in addition to the central ones, intersect geometri- 
cally in objective space, and the locus of such intersections is known as 
an horopter. It is clear that there must be a different horopter for each 
separate position of the lines of regard. When the latter meet at infinity, 
the horopter is a plane surface approximately coinciding with the floor 
plane, but for nearer positions of convergence, with the fixation point in 
the median plane, the horopter consists of a circle and a straight line. 
The circle passes through the point of fixation and the nodal points of 
the two eyes, while the line lies in the median plane and intersects the 
circle at the fixation point. The horopter, for any given setting of fixa- 
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tion, furnishes a theoretical lefercnce system with respect to which dis- 
paration can be measuicd. Object points lyino; on the horopter are imaged 
on corresponding retinal points and have zero disparation. All other 
object points, ho\^Tver, will be disparatel} represented, and to a degree 
which is greater, the gi eater their removal from the horopteral locus. 
The disparation will vary in sign as “crossed” or ‘‘uncrossed,” according 
as the distance is greater or less than that of the horopter. 

Disparation has two quite different kinds of consequences in conscious- 
ness: {a) depth localization, and {b) double-imaging or diplopia. The 
latter appears when a certain threshold degree of disparation is exceeded 
and is relatively uncommon or unnoticed except under experimental condi- 
tions. W^e may consider that a tendency towards diplopia always exists 
w’-henever identical object points are not imaged upon corresponding retinal 
points but that this tendency is normally transformed into a depth im- 
pression wdiich varies in magnitude and sign wdth the degree and direction 
of the latent diplopia. 

General Theorv of {'hnal Spate. The theory of disparation provides 
us with a doctrine of localization relative to the horopter, but does not 
unequivocally relate the subjectively represented position of the latter, for 
various fixation points, to kinaesthctic or tactual space. Experiments 
directed towaids demonstrating a basis for such localization in sensations 
of accommodation or of convergence have given negative results (Rivers, 
1900). It therefore appears that the coordination of visual with kin- 
aesthetic depth is probably accomplished through the medium of relations 
between the visual and kinaesthetic perception of parts of the body other 
than the eyes, and to an accumulation of memory records of experiences 
obtained in moving about in space. ^J^he total structure of visual space in 
the depth dimension must be admitted to depend in a composite way upon 
a large number of very different factors. 'Fhus, although disparation 
criteria are usually capable of overcoming secondary criteria which conflict 
with them, this is not always the case. The instrument known as the 
pseudoscope, wduch places the image patterns belonging to the right eye 
upon the retina of tlie left eye, and vice versa, brings about an inversion of 
most objects as regards convexity or concavity but is unable to accomplish 
this result for the human face. 

IX. The Vtsuat. Perception of Motion 

Visual motion (Kohlrausch, 1931, pp. 15-20) differs from that of physi- 
cal objects in tlmt the former is absolute whereas the latter is always 
relative. Although visual motion ordinarily involves a visual “thing” 
which undergoes displacement, morion sensation seems to occur in some 
instances without there being any definite moving thing or any accumula- 
tive displacement. ITe phenomenon of isolated motion has been designated 
by Wertheimer (1912) by tlie symbol phi. The stimulus to visual motion 
may consist either in the “real” motion of a physical object or it may lie 
in a series of discrete images presented dxscontinuously, although in rapid 
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succession, both in space and in time. The eyes may either pursue the 
stimulus or may remain stationary. In the latter case, the moving thing in 
consciousness corresponds to the image which is displaced across the 
retinal receptors, but in the former case the moving thing is related to a 
retinally stationary image. It will, therefore, be appreciated that the 
facts of visual motion perception are so complicated as to preclude a 
thorough discussion in the present chapter. 

Thresholds for Motion Perception. The velocity of the stimulus and 
the length of path moved through are best expressed in visual angular 
terms, although visual movement is ordinarily represented in three di- 
mensions, and may be very rapid even with low angular speeds. When 
the angular velocity is less than one-half to one minute of arc per second 
near the fixation point, motion impression fails. This threshold increases 
as the stimulus is displaced towards the periphery of the visual field, be- 
coming 34 minutes of arc per second at 20 degrees (Bourdon, 1920). 
At very high speeds of the stimulus, in the neighborhood of 2000 degrees 
per second, over a path of 20 degrees, there is also failure of motion per- 
ception, due to persistence of vision, which yields a stationary streak 
instead of a moving spot or thing. The threshold for length of path is 
about 17 seconds of arc, under optimal conditions, being lower for rapid 
than for slow motions. This measure of motion acuity decreases with dis- 
placement of the stimulus towards the periphery, but less rapidly than 
does static acuity. Motion acuity is decreased by a factor of about one- 
quarter when stationary comparison objects are entirely absent. The 
above thresholds hold under the condition that the eyes do not pursue the 
moving stimulus. Pursuit by the eyes reduces apparent speeds by a factor 
of about one-half. 

The Stroboscopic Illusion. The possibility of obtaining a motion im- 
pression, in the absence of a continuously moving object, by applying 
a succession of discretely displaced stimuli, is implied by the finite value 
of motion acuity. However, an impression of smooth motion can be 
obtained with discontinuous stimuli which are separated by angular 
distances more than 300 times as great as the minimal path threshold, 
showing that (cortical) factors other than motion acuity are involved. 
The most important conditions, determining the “stroboscopic illusion,** 
are the time interval and the spatial (angular) separation between suc- 
cessive exposures. Increasing the time interval from a very small value 
yields a series of qualitatively different phenomena, as follows: (1) with 
very small intervals, simultaneous presentation or overlap of successive 
phases; (2) “part-motion,** involving disappearance of the apparently 
moving thing midway between the initial and terminal positions; (3) 
smooth or “good** movement; (4) part motion, again, or possibly a pure 
“phi phenomenon**; and (5) successive appearance of two distinct things 
without motion. 

Using angular separations of about one degree, Wertheimer (1912, pp. 
168 ff.) found simultaneity at 30<r, good motion at 60<r, and discrete 
succession at 200cr or greater, with individual phase exposures lying be- 
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tween 5 and 30 (j ; Lincke ( 1 907 ) obtained motion impression up to 
600o*. When the angular separation is increased, the motion may become 
jerky and, under some circumstances, tends to divorce itself subjectively 
from the initial and terminal patterns, constituting the so-called “phi 
phenomenon.’^ According to Wertheimer, this is a pure phenomenon of 
motion, whereas Dimmick ( 1920Z>) finds it to consist in a “gray flash.” 
Increased separation decreases the range of time interval, between phases, 
within which smooth motion can be secured. Marbe (1910) was able to 
obtain a good motion impression with a separation of 1.14 degrees and 4.55 
exposures per second. The limiting separation for smooth motion is about 
4.5 degrees, and no motion impression at all can be obtained above 12.5 
degrees. 

Motion Impression and Eye Aioveinent (Tschermak, 1931). We have 
noted that visual motion is absolute in the sense that, at any moment, 
certain features in the subjective visual field are moving, whereas others 
may be stationai}'. 'Fheir status in this lespect can be reversed only by 
a radical change in the form of the experience, such as occurs in the 
familiar “railway station illusion,” and its correction. Although motion 
impressions are uniformly aroused when stimulus patterns are displaced 
across the mosaic of retinal receptors, this process does not determine 
whether the pattern or its background shall be represented as in absolute 
motion. Voluntary pursuit movements of the eyes seem to render the 
background visually stationary, although its image moves across the retina. 
[On kinds of eye movements, see Dodge (1903).] The involuntary ocular 
pursuit movements of nystagmus, however, throw the entire system of 
visual things into rotation. Voluntary glancing movements of the eyes 
have no subjective movement consequences and they seem to be accom- 
panied by momentary visual anaesthesia (Holt, 1903). 

The conditions for absolute visual movement cannot even be stated 
by assuming the bodily kinaesthetic system as a stationary reference axis, 
since in walking or riding the whole bodily complex is seen to be displaced 
with reference to a stationary w^orld. When the external world is very 
imperfectly represented, illusions of motion frequently appear. Thus, 
in looking at clouds drifting across the moon, the former are often 
given as stationary, with the moon in motion. An isolated bright spot 
against a wholly dark field shows random drifting movements — ^the 
“autokinetic sensation” — even when it is quite accurately fixated. Another 
very interesting illusion of motion consists in the “visual movement after- 
image,” a streaming effect whicli is presented on restricted areas of 
the visual field after these same areas have been subjected, rather con- 
tinuously, to kinetic stimulation. This after-image is opposite in direction 
to the original visual movement and can be neutralized by a moving 
stimulus having the correct opposed velocity. 

X. Visual Experience and the Cerebral Cortex 

In the above discussion we have been concerned almost exclusively with 
the correlations holding between stimulus variables and visual experience. 
However, it seems quite certain that such correlations are actually of an 
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indirect type and that the experience in its totality is determined directly 
by processes within the cerebral cortex. The cortical mechanism itself 
is very complex and is undoubtedly divided into successive stages, all of 
which are of importance for the determination of the final visual ex- 
perience. The ultimate or direct basis of the experience lies, perhaps, 
in one of the cortical association areas, such as the frontal. The general 
principles of psychophysics lead us to suppose that each attribute, aspect, 
or part of visual experience must have a corresponding feature of which 
it is privately a function in the ultimate cortical process. Frontal-lobe 
disturbances sometimes seriously upset the entire visual system, producing 
micropsia and other perceptual distortions. We know very little concern- 
ing the details of these ultimate relationships. 

Relation of Vision to the Calcarine Cortex, However, we have a good 
deal of positive information concerning the relation of visual experience 
to the structures and functions of the primary cortical receiving station 
for optic-nerve impulses, the calcarine region of the occipital lobe. It 
appears in the first place that the retina, and hence the subjective visual 
field, has a point-to-point or part-to^part representation on the calcarine 
surfaces, so that a certain pattern of excitation here is associated with 
definite retinal and experiential configurations. The left halves of both 
retinas (corresponding to the right half of the visual field) are represented 
on the left occipital lobe, while the right retinal halves are connected 
with the right occipital lobe. The central or foveal region, however, 
sends connections to both lobes, thus having a double representation for 
safety (Morax, 1919). 

Complete destruction of these occipital areas produces total blindness, 
while pathological degenerations result in weaknesses and disturbances 
of vision, varying widely in nature in accordance with the character of 
the lesion. Local cortical destructions or changes yield local blind-spots or 
“scotomata” in the visual field. If the whole of one lobe is rendered 
non-functional, blindness in the opposite half of the visual field, for 
both eyes — a condition known as hemianopia — results. Such artificial 
blind areas behave similarly to the natural blind-spot; they are not 
noticed by the patient or subject until he attempts to perceive 
detail with the affected visual regions. There is either a complete 
absence of experience for such regions or they are filled in on 
the basis of outlying types of excitation. Sometimes hallucinatory pres- 
entations are given in scotomatic areas. 

At the present time very little that is positive can be said concerning 
the relations of particular visual attributes or dimensions to the cortical 
process. The calcarine region evidently contains neural mechanisms 
for the synthesis of similar impulses received from the two eyes; it is 
the seat of the primary activities of binocular discrimination. That it 
contains processes corresponding specifically to brilliance and chroma, we 
can scarcely doubt. Pathological changes in the occipital cortex can 
affect chroma independently of brilliance and may yield highly specific 
chromatic effects, such as red vision or erythropsia. The cortex seems 
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to carry out a senes of neurological operations upon the incoming optic- 
nerve currents, gradually putting them into shape for the coordinated 
control of efFerent conical innervations and the determination of the 
visual experience. Such operations include the introduction of memory 
records, which seem to be carried largely in the so-called visuo-psychic 
areas, immediately surrounding the primary projection zones. 
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CHAPTER 14 


VISION: 11. THE NATURE OF THE 
PHOTORECEPTOR PROCESS 

Selig Hecht 

Columbia University 

L Similarities and Differences in Sense-Organs 

1. Functional Compositioiu The environment in which animals nor- 
mally live may be considered as constant in its broadest aspects. In its 
details, however, the environment is always changing. It is with this 
diversity and its evaluation that the sensory economy of animals is con- 
cerned. Animals do not accomplish this evaluation exhaustively. Of the 
numerous components of our surroundings with which we have become 
familiar through modern physics and chemistry, only a portion can be 
received directly through the established sensory channels. However, the 
variety is large enough to cover what appear to be the more common 
changes in the environment. 

The different sense-organs which have become established are not neces- 
sarily concerned with qualitatively different aspects of the environment, 
even though the sensations which result in man may be qualitatively dif- 
ferent. Thus the light sense and the temperature sense are both concerned 
with radiations which differ only in wave-length. Similarly, smell and taste 
are both concerned with physicochemical changes which differ apparently 
only in magnitude of concentration. Nevertheless, different sense-organs 
do record portions or phases of the environmental flux, which differ sig- 
nificantly even if not specifically. 

It is apparent that, in order to achieve this diversification in the evalu- 
ation of the outside world, sense-organs must differ one from another. 
There has to be a specific affinity between a particular type of physical 
or chemical disturbance and the sense-organ concerned with recording this 
disturbance. Such a specialized correlation cannot be absolute, because a 
sense-organ is a living tissue, and as such it is subject to the limitations of 
the properties of living material. For example, so highly individualized a 
sense-organ as the eye is brought into play in its specific way by a number 
of heterologous stimuli as varied as a mechanical blow and an electric 
shock, largely because all living material is affected by these agents. 
Nevertheless, the receiving end of a sense-organ must be of a configuration 
corresponding to the particular type of environmental change which it 
registers. 

It is hardly necessary to labor this point because of the very obvious 
structural differences which sense-organs show. What needs to be empha- 
sized is the idea that sense-organs have more in common than merely the 
philosophical distinction of giving us information about the environment. 
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Sense-organs are a group of structures which possess certain fundamcl |{;^y i 
similar properties. For example, all sense-organs possess a threshold, iTSS" 
is the minimum intensity of the outside environmental change which on 
prolonged exposure will just produce an effective activity of the sense- 
organ. The presence of a threshold is not exclusively a sense-organ prop- 
erty but is possessed as well by nerve, by muscle, and by many other living 
structures. It is, however, an important characteristic of sensory phe- 
nomena. Another property of sense-organs is the capacity for adaptation. 
A third and perhaps the most useful sensory property is the ability to dis- 
criminate intensities. There are many other characteristics common to 
sense-organs which one might enumerate, but enough has been said to indi- 
cate that different sensory systems are functionally similar. It would be 
surprising if they were very different in physicochemical organization. 

A sense-organ possesses an essentially dual function. On the one hand 
it receives an environmental disturbance, and on the other it transmits this 
information to an attached nerve fiber. The reception of the outside 
changes requires a specialized arrangement in the sensory process suited to 
the nature of the environmental alteration, because this is specific. The 
kinetics and dynamics of this relationship, as represented by the threshold, 
adaptation, and the like, are, however, quite similar in different sense- 
organs. And the final activity of the sensory process, the initiation of a 
nerve impulse, is also similar. The last twenty years of research into the 
physiology of nerve has shown that the nerve impulse is essentially the 
same in different nerves. It is therefore likely that the method of eliciting 
this impulse is also the same from sense-organ to sense-organ. The 
initiation of a nerve impulse is probably accomplished normally by the 
•change in potential at a given region of the nerve. This may then be the 
final thing which all sense-organs do at their transmitting end. 

We now have the first generalization which may be made about the 
receptor process. Speaking functionally, its outside end is a special con- 
figuration which can be upset by a particular part of the environment ; its 
middle part is not dissimilar from one sense-organ to another, and con- 
cerns the quantitative interrelations of environment and sensory process; 
its inside end produces the same result in all sense-organs, namely, a 
nervous impulse. 

2. Specific Qualities. This description of the sensory process at once 
raises the question of quality in sense-organs. The very first part of the 
receptor process is different for each sense-organ. The final effect in the 
central nervous system is also different for each sense-organ. It might 
then seem as if the action of the environment on the specialized substance 
is the thing which produces the specificity or quality of the resulting 
response in the brain. However, between these two there is intercalated 
a nerve impulse which, because it is similar for all sense-organs, removes 
the specificity of each of them. How then is specific quality transferred 
to the brain? 

This situation was fully appreciated a hundred years ago by Johannes 
Muller (1840). Muller pointed out, first, that different receptors produce 
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qualitatively specific sensory results and, second, that no matter how 
a given receptor is brought into play, its sensory effect is qualitatively 
constant, A visual response is always associated with stimulation of the 
eye whether this stimulation is produced by light, by pressure, or by the 
electric current. His conclusion was that the particular stimulus used 
has nothing to do with the specific activity of a given sense-organ. In- 
stead he supposed that each sense-organ complex possesses a definite 
‘‘energy” or “quality” which produces its specific sensory effect — the eye, 
vision; the ear, hearing; and so on — and this quality is called out no 
matter how the sense-organ is brought into function. Muller thought 
that this specific energy is associated with the nerve which connects the 
sense-organ with the brain. But he fully realized that the specificity may 
not reside in the afferent nerve but might be even deeper in the central 
nervous sy^stem. 

Modern work has served to corroborate and amplify Muller’s analysis by 
establishing the essential similaritv of nerve impulses. Certain exceptions 
are to be noted. For example, Weiss (1931) has been driven to reject 
Muller’s idea and to assume specific differences in nerve impulses because 
of the regulated behavior of muscle groups under certain conditions. How 
compelling this is cannot be judged at present. Quantitative differences in 
the potential changes occurring in nerve fibers which are known to carry 
specific kinds of impulses have been found by Erlanger and Gasser (see 
Erlanger, 1926-27) and by Matthews (1929). However,. these differences 
depend primarily not on the end-organ which originates the impulses, 
but on the diameter of the fiber which conducts them. In fact, motor and 
sensory impulses often have the same quantitative properties, as is the case 
with the tt-group of impulses studied by Erlanger and Gasser. Most like- 
ly the function of a particular nerve fiber depends on its termination. For 
example, by the proper crossing and subsequent union of such specifically 
different nerves as the cervical sympathetic and the vagus, Langley (1898) 
showed that impulses which normally produce cardiac inhibition can be 
made to produce contraction of the arterioles of the ear, and vice versa. 
The specific effect produced by a nerve impulse is determined by what 
type of tissue it ends in, and by the kind of ending it has in this tissue. 
In other words, qualitative differences in the effect of nerve impulses are 
accomplished by structural pre-arrangement. 

This is very significant for an understanding of the different sensory 
qualities shown by different sense-organs. It is equally important for a 
proper comprehension of the function of a single sense-organ like the eye, 
which shows the further separation of the action of a specific portion of the 
environment into a series of interrelated but qualitatively different sensory 
effects. Later in this chapter it will be shown how this physiological 
conception for the basis of quality is capable of giving a quantitative 
description of the data of color vision. For the present, however, its 
significance is that it removes the problem of quality from the sense-organs 
themselves, and thus makes a physicochemical study of the receptor process 
a reasonably possible procedure. 
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In the following pages I propose to describe what appear to be the fun- 
damental properties of the receptor process, to study the data pertaining to 
them, and then to see whether it is possible to suggest a type of physico- 
chemical organization in terms of which these properties find a rational 
expression. In the detailed treatment I shall use exclusively the process 
of photorcception. However, from what has already been said it is 
apparent that, while the minute analysis of one sensory response does not 
presuppose an identical mechanism in another, the basic ideas derived are 
of general interest. 


11. Threshold 

1. Time and Inten.\ity. An environmental disturbance which starts 
a receptor process can vary in three wavs: in intensity, in time, and in 
composition. Let us leave composition to one side for a moment, since 
I shall devote separate space to it later, and consider first the relation- 
ships which exist between time and intensity. 

In general, in order for an outside agent such as light to produce a 
given sensory effect, the intensity required is an inverse function of the 
duration of its application. The exact relation between the two is still 
unsettled in its final form for the human eye, and it varies to some extent 
from organism to organism; but in all cases it is true that the lower the 
intensity, the longer is the time necessary for it to act, and, conversely, the 
higher the intensity, the shorter is the time required to elicit an effect. 

Such a relationship is a commonplace of photochemistry. In its simplest 
form it is the Bunsen-Roscoe law (see Bunsen and Roscoe, 1862), which 
states that to produce a given photolytic effect a constant amount of energy 
is necessary, regardless of its distribution in time. If i is the intensity 
and t the time of its action then 

It - C [1] 

where C is a constant. 

Indeed, since it assumes that the velocity of a photochemical reaction is 
proportional to the intensity, it is merely a restricted statement of the 
more general Photocliemical E<iuivalencc Law of Einstein which since 
1912 has formed the basis for a rational development of photochemistry 
(see CJriffith and RlcKeown, 1929). So simple a formulation applies only 
to the primary or direct photochemical reactions; the more complicated 
photochemical processes which involve one or more secondary ‘^dark^^ re- 
actions naturally require more elaborate expressions for their description. 
Nevertheless, simple or complex, these all show an inverse relationship 
between the time and the intensity required for a specific effect. 

I'he relation between time and intensity in the photoreceptor process 
brings to light a significant property of vision, namely, the threshold. For 
a given animal and under constant conditions there can be found a low, 
but measurable intensity which produces an effect after a reasonably long 
exposure, but below which even an extremely prolonged exposure fails to 
^elicit a s(*nsory effect, 'i'his intensity is the threshold. 
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What does the presence of an intensity threshold tell us about the photo- 
sensory process? The production of a given sensory effect undoubtedly 
means the formation of a certain physical or chemical change in the con- 
tents of the sense-cell. In the photosensory process the first effect of the 
light is obviously the conversion of a light-sensitive but inactive substance 
into an active substance which starts the train of events culminating in a 
nervous discharge. The first thing then that we learn from the existence 
of a threshold intensity is that this primary photochemical reaction is ac- 
companied by another reaction, not photochemical in nature, which tends 
to remove the products of the photochemical reaction. If the first part of 
the photoreceptor process were merely a simple, direct, photochemical 
reaction, we should never have a threshold. The reciprocity law of Bun- 
sen and Roscoe would probably hold rigorously, as it does in the irrever- 
sible bleaching of visual purple (Hecht, 1923-24Z>) among other things, 
and exposures would be cumulative as they are in the photographic plate. 
We should be able to see a light no matter how low its intensity, pro- 
vided the exposure were prolonged sufficiently. The effects of light, 
however, do not accumulate in this way in the sense-cells. Therefore, 
there must be a process which tends to remove or render inactive the 
photochemical products as they are formed by the light. 

2. General Derivation, One may put the whole matter in the fol- 
lowing way. Let us describe the photosensitive material in the sense- 
cell as S and suppose that light changes S into its photochemical product, 
which may be one substance P, or more substances, A, B, etc. We 
may write S'^P as this reaction. It is P which starts the series of events 
ending in the outgoing impulse to the nerve. The associated process 
demanded by the existence of a threshold may then be of the following 
kind. P may diffuse away from the scene of action. P may combine 
with some constituent of the cell and be rendered inactive. Or, finally, 
P, by itself or by combining with some material furnished by the cell or 
by the surrounding fluids, may become reconverted into the original sensi- 
tive material S and be used over again. 

On the basis of the information so far presented, one cannot decide 
which of these conditions is the most probable. But for purposes of under- 
standing the data which describe the properties of the threshold they may 
be treated mathematically in a practically identical manner. Assume an 
intensity I shining on such a system. The light will be absorbed by the 
substance S, which will be changed from its initial concentration ^ to a 
concentration a — x where x is the concentration of S converted into P. 
Since this is a threshold change, it will be small, and '^e may write its 
average velocity as 

(a—xf) [ 2 ] 

where ki is a velocity constant which includes the absorption coefficient. 
Now assume that P diffuses away, or combines with another substance, or 
is changed back to S. The velocity of the process will be proportional to 
the concentration of the reactants, P, A,B * * . , which in case of chemical 



SELIG HECHT 


709 


reactions would be or or depending on whether there are 1, 2, or 
n number of different photol 5 ^tic products. This velocity 

at'* [3] 

must be subtracted from the photochemical velocity in order to describe 
the actual velocity 

X 

— = kxl {a — x) — [4] 

t 

with which the products P accumulate in the sense-cell. We are not in- 
terested particularly in this velocity, but in the relations between the 
intensity I and the time t which are required to result in a given constant 
amount x of photochemical products accumulating in the sense-organ. 
Equation [4] may be arranged as follows : 

X k^x^ 

It=: + t [5] 

ki (a — x) (a — x) 

to give us the desired information. Since x is taken as a constant amount 
of material, (a — x) is also constant, and equation [5] may be written 

It = C+Df [6] 

where C and D are constants. 

Equation [6] has been derived somewhat differently by Lasareff (1923Z>) 
and by Putter (1918), but, aside from its derivation, it and its predecessor 
equation [5] have many interesting properties. The velocity constant 
of the negative reaction is most likely smaller than the velocity constant ki 
of the photochemical reaction ; otherwise it would require enormous inten- 
sities to effect any measurable accumulation of products P in the sense- 
cell. Thus the constant D is probably smaller than C7. Moreover, for 
threshold values a: is a small fraction of a; any power of x must therefore 
be smaller than x, which makes the value of D still smaller. Finally, with 
small values of the exposure time tj the term Dt in [6] becomes negligible 
in relation to C, and the equation becomes 

It = C [1] 

which is the Bunsen-Roscoe law all over again. What this means in words 
is that, in spite of the presence of the extra reaction which removes P^ we 
might expect the relation between time and intensity in the photosensory 
system to follow the very simple equation [1] for short exposures, and the 
slightly more involved equation [6] for longer exposures. This is essen- 
tially what has been found by a variety of investigators, 

3. Measurements^ Bloch (1885) first found that for short flashes 
of light the relation between I and t for the human eye conformed to 
equation [1]. This has been confirmed by Rutenberg (1914)* and Braun- 
stein (1923), and, as we shall see, by Blondel and Rey (1911), and by 
Pieron (1920fl?> 1920i), and others. Table 1 gives Braunstein^s data. 
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TABLE 1 

Relation betheen Intensit\ / and Time t for Short Exposures To Produce 
A Minimal Sensory Response in Mya and in the Human Eye 
Data for the eye are from Braunstein (1923); for Mya from Hecht (1919-20^r). 


Eye 

Mya 

/ 

t 

IJ 

1 

t 

Lt 

1 

.0210 

.021 

54 

0.104 

5 62 

2 

0098 

020 

76 

0.073 

5.55 

4 

004-7 

019 

112 

0.053 

5.94 

8 

.0024- 

.019 

194 

0 030 

5.82 

16 

.0012 

.019 

238 

0 023 

5.47 




334 

0.016 

5 34 


Pieron finds that for the dark-adapted eye It is similarly constant for 
exposures between 0.001 and 0.07 second. A similar application of the 
simple law has been found (Hecht, 1918-19<7, 1919-20^) for short flashes 
of li^^ht in the ascidian Gloria intestinaUsj the clam Mya arenaria, and 
by Loeb (1918) for a small ran^je of intensities with the polyp Euden-- 
drium. In Table 1 there is included the data for Mya, Hartline (1928) 
has found this relation between / and t to apply to the production by 
light of a given electrical potential in the eye of the grasshopper. 

In some organisms the relation //=C holds over such an enormous 
range of time and intensity that it is fairly certain there is no accessory 
reaction to remove the photolytic products as they are formed. Blaauw 
(1909) showed for oat seedlings that a given phototropic response is 
caused by the same amount of energy, about 20 meter-candle-seconds, 
when the exposure time varies between 0.001 second and 43 hours, and 
the intensity between 26,500 and 0.00017 meter-candles. Over such a 
range this seems never to have been found with an animal. 

When the exposures become longer than the short flashes already con- 
sidered, it has been shown by a number of observers that equation [6] 
applies. Blondel and Rey (1911) found that for exposures between 0.001 
and 3.0 seconds their data for the human eye may be expressed by the 
equation 7^=0.065-f0.31/, using arbitrary values of the intensity. Table 


TABLE 2 

Comparison between It for the Eye for a Large Range of Exposures, as Meas- 
ured AND AS Computed 

The data are from Blondel and Rey (1911). The time is in seconds. 


It 



i 

found 

It^ 

0.065+0.3 

3,00 

1.00 


1.00 

1.00 

0.372 


0.375 

0.30 

0.156 


0.158 

0.10 

0.102 


0,096 

0.03 

0.070 


0.074 

0.01 

0.068 


0.068 

0.003 

0.072 


0M6 

0.001 

0,064 


0.065 
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2 gives their results. It is to be noted in their measuicnients tliat fox the 
short exposures between 0.001 and 0.03 second the value of It is puic- 
tically constant. The relation for longer exposures has been confirmed 
by various experimenters and holds for most of the available data. ITus 
the results obtained by von Kries (1907j can he described by the equation 
//zz:0.684-1.92^. Likewise Pieron’s measurements for the daik-adapted 
fovea (1920Z>) may be fitted by the equation //:==0.37+i.2S/ for ex- 
posures between 0.03 and 2.0 seconds. A similar expression is adequate 
for Reeves's data (1918Z») under the .same conditions. Pieron (1920^/^ 
1920Z>) was able to show that, in conformity with the generally recog- 
nized differences betw'een cones and rods, the relation between I and t is 
quantitatively different in the fovea and in the periphery of the retina. 

For extremely short exposures it seems not to hold, as both Pieron 
{\920b) and Reeves (1918Z») have shown. Apparenty other factors enter, 
though these are probably of a purely technical nature depending on the 
diflSculties involved in accuiately producing such extremely short ex- 
posures as those below 0.001 second. 

In the case of Mya, Pieron (1926) believed that for a larger range of 
exposures than those given in Table 1 the simple It relation does not 
hold. This is probably correct and obviously follow^s from the above 
equations. Unfortunately, Picron’s experiments are vitiated by his use 
of an episcotister for varying the intensity; since this device produces a 
series of short flashes, it obviously cannot be used for short exposures ; and, 
furthermore, there is implicit in it the assumption that 1 and / are inter- 
changeable, which is the question at issue. For the longer exposures, 
where one might expect an episcotister to be useful, Pieron’s data show 
that for Mya equation [6j applies and that //=3.54”L2/. 

4. Ejfect of Temperature. There is an interesting consequence of the 
difference in the relation between time and intensity for short and for 
long exposures. The physicochemical reason that It is constant for short 
exposures may be that, since the straight photochemical reaction is so 
rapid, the comparatively slow removal process hardly gets under way 
before the sensory response is over. Under such conditions the initial 
process may be treated as a purely photochemical reaction. It has become 
almost axiomatic to say, since Goldberg (1902) first showed it to be true, 
that photochemical reactions possess low temperature coefficients very near 
1 for in contrast to ordinary chemical reactions whose temperature 

coefficients for lOX, are between 2 and 3. For short flashes of light it 
should therefore be true that the value of It obtained for the photosen- 
sory process at different temperatures should yield a coefficient near unity. 
Using a constant exposure of 0.016 second, I determined the minimum 
intensity necessary to elicit a response from Mya at four temperatures 
between 13*" and 3UC. The results (1919-20/7) with four separate ex- 
periments gave values for the temperature coefficient for lOX. as follows: 
1.04, 1*06, 1.07, and 1.06, which bear out the idea that for short flashes 
the first reaction is primarily photochemical. 

These examples show that the existence of a threshold, if interpreted 
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even in the most general terms, is enough to furnish information about the 
structure of the receptor process. The assumption of a removal or recov- 
ery process accompanying the principal, photochemical reaction has enabled 
us to derive equations which describe as a first approximation the known 
data of the relation between time and intensity in the visual process. 

5, Intensity as the Limiting Factor. The characteristic of the thresh- 
old which is to be emphasized is that intensity is the limiting factor, and 
not time. Below a certain intensity, no matter how long the exposure may 
be, no sensory effect is produced. Consider this in terms of equation [4] 
describing the velocity of the reaction as a whole. If the reaction proceeds 
for infinite time, tz=:cc and x/t becomes 0. Equation [4] then becomes 


a — X 


[71 


from which time is completely eliminated. A given concentration a: of P 
can be formed, according to this equation, only as the result of a certain 
intensity 1, even at infinite exposure. 

It is w^ell to realize that the idea for the basis of the threshold which 
I have developed does not require the primary change to be photochemical. 
Any outside agency will have a threshold when its primary effect is ac- 
companied by another process which removes or inactivates the effects of 
the primary process. Obviously this can happen in the mechanical stimu- 
lation of the ear and in the electrical stimulation of nerve, to choose two 
widely different primary processes, and both cases will show a threshold. 

The conception of the photoreceptor process which we have so far sug- 
gested has been deliberately general. It has been specific in the one respect 
only, that it has involved the existence of a process which accompanies the 
main photochemical process and removes its products. It is possible to be 
even more specific about this reaction, but in order to do so we must con- 
sider other characteristics of the photoreceptor process and the data that 
belong to them. 


III. Duality of Sensory Process 

1. Expressions of Duality, It is a curious but significant fact that 
we see a light only after it has been on for some time, and continue to see 
it after it has been turned off. In the human eye, the period during 
which the light must be on and the period during which it may be off are 
very short and require special devices for their demonstration. Never- 
theless, the cinematograph bears witness to their existence, and the litera- 
ture of after-images to their fascination. This property o 5E photoreception 
is well distributed among other animals, and in some it is so apparent that 
it may be demonstrated and studied with comparative ease. If may be 
well to describe the responses of such an animal in order to make the rest 
of the treatment in this chapter more intelligible. 

If an animal like My a, whose picture is shown in Figure 1, is exposed 
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to light, it responds by a vigorous retraction of its extended siphon. The 
time from the beginning of the exposure to the beginning of the retraction 
is called the reaction-time, and is a constant quantity under constant con- 



FIGITRE 1 

Photograph of a Medium -sized My a arenaria, with Its Double Siphon 
Moderately Expanded 



FIGURE 2 

Optical Record of Stimulation and Response of Mya 
The white streak running the length of the figure represents the movement of a 
lever attached by means of a thread to the siphon tip of Mya. The white spot 
and vertical streak at the left record the duration of the exposure (0.07 second), 
The siphon begins to retract about 2 seconds after the exijosurc. The time in 
between is the latent period. The tuning fork gives SO vibrations per second. 
The slight irregularity in the siphon record immediately after the exposure is 
due to an accidental vibration of the delicately balanced lever caused by the 
movement of the shutter. 
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ditions. This xeaction-time is obviously not a simple period, since it in- 
cludes the time of action of the light, the other reactions in the sensory 
cells, the conduction of the impulses, and the latent period of the muscle 
response in the siphon. In the case of Mya and of such similarly reacting 
animals as Pholas and Ciona the reaction-time is of the order of magni- 
tude of three or four seconds. Plainly in a period of this duration it is 
safe to neglect the very short periods of time occupied by such rapid pro- 
cesses as nerve conduction and muscular latent period. In fact it can be 
shown by comparison with the reaction-time to mechanical stimuli, which 
is very short, that the reaction-time to light is taken up almost entirely 
with the processes in the sensory cells. 

The exposures to light which Mya requires in order to respond are only 
a small fraction of the reaction-time, as may be seen from Figure 2. 
This exposure or sensitization period represents the time for the accumula- 
tion in the cell of the necessary concentration of photolytic products 
formed by the primary photochemical reaction and its associated removal 
reaction. The greater part of the reaction-time is the latent period, during 
which the animal need not be in the light in order to respond to it. Most 
of the duration of the photoreceptor process is thus taken up not by the 
photochemical reaction, but by some other process which follows it in 
time. 

2. Relations between Ligtht and Dark Periods, This secondary, 
latent-period process is an integral part of the receptor mechanism because 
there is a definite connection between the two parts of the reaction-time. 
If the exposure of Mya or Ciona to light is maintained until the animal 
responds by a siphon retraction, the reaction-time of the animal is of 
minimum duration. Exposure for shorter intervals, down to a certain 
point, results in no change in the reaction-time. Exposure below this 
critical value ( sensitization period) causes the resulting reaction-time to 
increase. This change in total reaction-time is obviously an increase in 
the latent period. Experiments (Hecht, 1925-28) made to determine 
the relation between the length of exposure to a constant intensity of light 
and the duration of the resulting latent period show that the reciprocal of 
the latent period is very nearly a linear function of the length of the 
exposure period. The results of some experiments of this nature with 
Ciona are given in Figure 3. For these short exposures to light one may 
assume that the photochemical effect of the light is directly proportional 
to the exposure. These data then tell us that the velocity of the secondary, 
latent-period process (which equals the reciprocal of the latent period) 
varies directly with the concentration of photolytic products formed during 
the exposure period. From this we learn that during the latent period some- 
thing happens the velocity of which depends on the chemical effect pro- 
duced by the stimulating light. 

If this is really so, then some other method of varying the photochemical 
effect should produce similar results. In the above experiments the in- 
tensity is kept constant and the exposure varied. If now the exposure 
period is kept small and constant, and the intensity of the light is varied, 
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FIGURE 3 

Relation between the Duration of the Exposure to a Constant Intensity of 
Light and the Reciprocal op the Rfsulting Latent Period for Qiona 
The connection between the two is practically linear, being exactly so for one 
series of experiments, and very neaily so for the two other series given in the 

figure, 

it is found, as Figure 4 shows, that the velocity of the latent-period 
process varies directly writh the logarithm of the intensity. It is known 
from much photochemical w'ork, particularly with the photographic plate, 
that for constant exposures the effect of light varies as the logarithm of 
its intensity. This confirms our idea that the latent period represents a 
process whose speed varies with the concentration of photolytic products 
formed in the primary reaction of the receptor process. It may be added 
that, if the experiments are so arranged that both time and intensity are 
varied, the expected results appear, namely, that the reciprocal of the 
latent period varies directly with the product of the time and the logarithm 
of the intensity (Hecht, 1919-20^, 1927-28A). 

These experiments can be performed with M‘sa and Ctona with a stop- 
watch and a photographic shutter. However, the relationships between 
the two parts of the receptor process hold even when the periods of time 
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FIGURE 4 

Relation between the Intensity of the Light at Constant Exposure and the 
Reciprocal of the Resulting Latent Period for Mya 
The connection between log / and the reciprocal of the latent period is obviously 

linear. 



cf Itght 

FIGURE 5 

Relation between Quantity of Light and the Reciprocal of the Retinal 
Reaction-Time for the Eel^s Eye 
Data from Adrian and Matthews (1927). 
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require more elaborate methods of control and measurement. Fig:ure 5 
is a record of one of the many experiments by means of which Adrian 
and Matthews (1927) have recently sho^^in that essentially the same type 
of behavior may be demonstrated in the eel's eye. Recently, too, Creed 
and Granit (1933) have similarly found that the reciprocal of the retinal 
latent period in the cat’s eye varies with the logarithm of the intensity 
of the light flash. In addition, Castle (1930) has discovered that in the 
reception of light by the sporangiophores of Phycomyces there also exist 
these two separate intervals of time and that the duration of the latent 
period varies with the exposure in precisely the same w'ay as in Mya, Ciona^ 
and the vertebrate eye. 

The significance of these relationships for an understanding of the second 
part of the receptor process lies in the fact that they show that the velocity 
of the process which takes place during this period varies directly with 
the concentration of photochemical products produced during the primary 
exposure period. The possible interpretations of these relationships will 
help us understand the sensory process. The primary photochemical effect 
may be thought of as occurring at one end of a sense-cell, and the setting- 
off of the nerve at the other end. The photolytic substance P at one end 
would then have to diffuse over, and the latent period would represent the 
duration of this diffusion. The fairly exact linear relation between con- 
centration and latent-period velocity renders this diffusion idea somewhat 
improbable because the rate of diffusion is a linear function of the con- 
centration of a diffusing substance only when it diffuses into a large vol- 
ume where its concentration may be regarded as zero. This is obviously 
not the situation here since it is essential for the substances to accumulate 
in sufficient quantity to initiate a response in the nerve. A more likely 
interpretation is that the latent period represents the duration of a chemi- 
cal reaction which is essential for the process. This reaction is all set 
and ready to go, but must have as a component some substance which is 
produced by the photochemical reaction. This may be something which 
catalyzes the second reaction, or it may actually combine with the second 
reaction and become an integral part of it. Tn either case, the accumula- 
tion of a definite amount of the active products of the latent-period re- 
action discharges chemically or electrically the impulse which "goes to the 
attached nerve and starts the nervous end of the process, 

3. Effect of Temperature, In the case of some animals it has been 
possible to make a choice experimentally between the notion that the latent 
period represents a diffusion process and the notion that it is a chemical 
reaction. This is done by studying the influence of temperature on the 
duration of the latent period, because of the strikingly different effects of 
temperature in the two cases. The effect of temperature on the velocity 
of diffusion processes is negligible, whereas its effect on chemical reac- 
tions is considerable. Experiments made with Mya, Ciona^ and Pholas 
(Hecht, 1925-28) show that the latent-period velocity increases with tem- 
perature. Figure 6 gives the results of such an experiment. The 
velocity of the latent period turns out to be an exponential function of the 
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FIGURE 6 

Relation between the Absolute Temperature (T) and the 
Latent Period {p) in Ciona 

The points are from two series of experiments, whereas the two straight lines 
are conaputed from the Arrhenius equation log l/p ~ — ixXRT+C where 
fx = 16,200. In the equation R is the gas constant, and C is an arbitrary integra- 
tion constant of no significance here. 


absolute temperature and follows the classical Arrhenius equation which 
has been used in chemistry to describe the influence of temperature on 
chemical reactions. This is true in all the three species in which this 
relation has been investigated. 

The second part of the receptor process is therefore undoubtedly a chemi- 
cal reaction. Exactly what type of reaction, it is hard to say. The values 
of fjt. in the Arrhenius equation describing the reaction (cf. Table 3) would 
indicate that it is not the same in all animals. Whether it is a reaction 
demanding a catalyst like the photoproducts P or whether it actually in- 

TABLE 3 

Values of for the Effect of I'emperature on the Photosensory Latent 
Period of Different Animals 


Species fj, 


Ciona intestinalis 16,200 

My a armaria 19,700 

Pholas dactylus 18,300 
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volves combination with one of these products cannot be decided now. 
Either relation fits all that we know so far. In fact, Adrian's work on 
the vertebrate retina (Adrian and Matthews, 1927) indicates that the 
relation between the primary photochemical reaction and the secondary, 
“dark,” latent-period process may be neither of these, but of still another 
kind. Obviously, in the case of so complicated a structuie the latent- 
period process may even he in a different location than the primary photo- 
chemical reaction. 

4. SunimaryK Before concluding this section it would be well to put to- 
gether in a formal manner what we have so far learned about the photore- 
ceptor process. If we call L an indifferent substance present in the sense- 
cell, we may suppose that under definite conditions it is converted into a 
chemically or electrically active product T, a given concentration of which 
sets off the attached nerve. The duration of the reaction L^T constitutes 
the latent period. However, the reaction L^T though all set and leady to 
go cannot do so unless there is present in the cell the photolytic products 
formed from the sensitive material S, which either catalyze the process or 
combine with L to form T. If we represent this relation between the 
photochemical products and the latent-period reaction in a conventional 
manner as ||P||, then the receptor process may be diagrammatically repre- 
sented as S^P; L |lP|j"“^2’^ the first reaction of which is controlled by 
light and the second uninfluenced by light. 

There is omitted for the moment the fact that associated with the re- 
action S'^P is one which removes P or renders it inactive. I shall make 
up for this omission by treating this reaction in considerable detail in the 
following sections. 

IV. Dark-Adaptation 

1. Significance of Adaptation, Nearly all animals can become 
adapted to light by means of their photoreceptors. For example, after we 
have been in the dark for several hours, even a comparatively weak illu- 
mination represents a strong stimulus, as the common experience of 
turning on a light in the middle of the night bears witness. In a short 
time, however, our eyes become indifferent to this illumination, so much 
so that we move on the street during the day surrounded by illuminations 
many thousand times more intense than the weak light which annoys us 
when it is suddenly turned on in the dark, 

A similar thing is true of other animals, for example, the clam Mya, 
If after being in the dark for some time it is suddenly illuminated, it responds 
to this illumination by a vigorous retraction of its siphons. If the illumi- 
nation is permitted to continue, the animal no longer responds to it. Again 
to elicit the characteristic response of the organism, it is necessary to in- 
crease the intensity of the light. The necessary extent of this increase 
varies with the intensity of light (Hecht, ]923-24r/) to which the animal 
is already adapted, and may be considered a measure of the animaFs sen- 
sitivity. Light-adaptation thus means a loss in sensitivity, since more and 
more light becomes necessary to elicit the minimal response. 



720 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

From this description of adaptation two thinp:s are apparent; first, 
that an animal can come into sensory equilibrium with its environment 
and maintain this state indefinitely; and, second, that the condition is re- 
versible. Both these characteristics of adaptation are of importance in un- 
derstanding the nature of the photoreceptor process. Consider what the 
continued maintenance of a given condition of sensory equilibrium means 
in terms of what we learned in the previous sections. If the sensitive 
material S is exposed continuously to light of a given intensity, it will be 
broken down and used in initiating impulses. The sensory effect of this 
decomposition is limited, as we saw, by the speed with which the accom- 
panying reaction inactivates or removes the photochemical products P 
from the cell. It is apparent, however, that if this is to be maintained 
indefinitely there must be a continuous supply of S furnished to the sense- 
cell. Otherwise all the available S would be used up by the light in a 
short time. This would not be adaptation by the maintenance of an 
equilibrium, but the simple exhaustion of a supply. Therefore, as it is 
being used up by the light, S must be replenished in some way. 

The reversibility of adaptation points to the same conclusion. Nor- 
mally we become light-adapted daily through a whole series of illumina- 
tions and then dark-adapted at night — a process which goes on all our 
lives. Experimentally this process may be repeated many more times, 
and it is found that the sensitivity of the eye decreases with light-adapta- 
tion and recovers with dark-adaptation over and over again. In other 
words, a continuous supply of S to the sense-cell is essential and must be 
considered as a part of the photosensory process. 

As in the case of the reaction which removes the photochemical products 

there are several possibilities for this restorative process. There may 
be plenty of S or its main constituent in the blood stream, which then 
supplies it to the sense-cell by diffusion. In this way the concentration of 
S would be practically constant. Or it may be that the main photo- 
chemical products recombine among themselves or with some other sub- 
stance furnished by the cell in excess, like water or oxygen, and form anew 
the sensitive material from which they were formed. One cannot make 
final choice between these possibilities, but there exists evidence which 
renders the latter idea more acceptable. This evidence depends on the 
information which is furnished by the study of dark-adaptation. 

2 , Measurements of Adaptation. The increase in sensibility of the eye 
in the dark has been familiar since it was first described by Aubert (1865), 
After a half hour^s stay in the dark the sensitivity of the human eye may 
increase to as much as a hundred thousand times its original condition in 
daylight. The course of this change is surprisingly regular, as the many 
measurements by Piper (1903), Nagel (1911), Kohlrausch (1922), and 
myself ( 1921 - 22 ) have shown. That the same things are true of other 
animals is of comparatively recent knowledge (Hecht, 1926 - 27 ). If the 
course of dark-adaptation is followed in such animals as Mya, CionCj 
P kolas ^ or the frog tadpole (Obreshkove, 1921), the data show a uniform 
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type of behavior, which I shall present first because of its comparative 
simplicity. An animal is exposed to strong light for some time, after which 
it is placed in the dark at a given moment. At different times in the dark 
its reaction-time to a light of constant intensity is measured. It is found 
that this reaction-time decreases steadily until after several hours it reaches 
a constant minimum characteristic of its response to that intensity. The 
reaction-time when plotted against time in the dark falls on a smooth curve. 
Figure 7 shows the course of dark-adaptation in Ciona; the data for Mya 
and the other species resemble these with Ciona. 
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FK5tTRE 7 

Dark-Apaptation of Ciona 

The data represent three experiments; the points for XV have been lowered 0.$ 
second in the drawing in order to keep them distinct from the others. The curves 
drawn through the points are all three computed in terms of a bimolecular re- 
action as explained in the text. 


3. Physicochemical Interpretation. This much is fact. The inter- 
pretation to be derived from it sheds much light on the nature of the 
underlying process of photoreception. The reaction-titne of Ciona to 
light is occupied by several processes which combine to produce a constant 
effect, namely, a siphon retraction. The algebraic sum of the velocities of 
these separate processes is represented by the reciprocal of the reaction- 
time, As we saw before, only two processes, the photochemical and the 
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latent period, need be considered. The data then show that the sum of 
these velocities increases during dark-adaptation. In order to interpret 
the quantitative way in which dark-adaptation proceeds, we need to make 
but one assumption. This is that since the end result of each measurement 
is always the same, namely, a siphon contraction, the photochemical effect 
necessary to produce it is also alwaj^s the same. We have alieady learned 
that the velocity of the latent period is directly proportional to the photo- 
chemical effect. Since the photochemical effect is assumed constant, it 
follows that the velocity of the latent peiiod is also constant. The total 
velocity of the reaction-time processes is thus composed of two velocities, 
one of which is constant. Any increase in total velocity must therefore 
represent an increase in the velocity of the primary photochemical process 
only; and hence the curve in Figure 7 repicsents the changes which take 
place in the velocity of the photochemical reaction required to produce a 
sensory response during dark-adaptation. 

Since the intensity of the measuring light is constant, the differences in 
velocity of the primary photochemical reaction are very likely due to 
differences in the concentration of sensitive substance. On obvious photo- 
chemical and mass law grounds, it may be supposed that the velocity of the 
reaction is proportional to the concentration of photosensitive substance in 
the sense-cells. It then follows that the concentration of sensitive material 
in the sense-cell increases during dark-adaptation in conformity with the 
shape of the experimental curve of dark-adaptation. When the form of the 
curve in Figure 7 is investigated, it is found to be that of a bimolecular 
reaction isotherm 

a — X 

[ 8 ] 

tax 

where kn, is the velocity constant; t the time of dark-adaptation; a — x the 
concentration of photosensitive material already formed; and x the con- 
centration still to be formed. 

Actually the numerical values are secured in this way. If we call r© 
the reaction-time at the beginning of dark-adaptation, n the reaction-time 
at any moment t during dark-adaptation, and rf the final reaction-time after 
complete dark-adaptation, then a:=z\/rf — l/fo; a — 1/ro; and x 
= l/r/ — l/r^. These values may be substituted in equation [8] which 
becomes 

, _ y’f (rp — rt) j-gj 

^ t in—rf) in—Tf) 

and into which the experimental values of the reaction-time may be sub- 
stituted for purposes of computation. It is to be pointed out that the 
curves drawn in Figure 7 are actually the theoretical curves drawn from 
equations [8] and [9]. Table 4 gives an example of the numerical agree- 
ment of the experimental data with calculation according to the theoretical 
interpretation. 
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TABLE 4 

Theoretical Analysis of the Dark-Adaptation of Ciona. Series XV 


The reaction-time at complete adaptation is — 1.82 seconds. 
h = 0.0268; a = 0.426. 




Reaction-time 

rt 

Time in dark 

Observed 

Computed, r^ 

159.0 -1- 1.82/ 

19.7 + t 

min. 

sec. 


sec. 

22 

4 77 


4.77 

60 

3.35 


3.36 

120 

2.67 


2 70 

180 

2.53 


2.44 

240 

2.3! 


2 29 

300 

, 2.24 


2.21 

360 

i 2.13 


2.14 


The conclusion which we may draw from this consideration of the data 
is that the sensitive material S accumulates m the sense-cells during? dark- 
adaptation as if it were being formed from two other substances. Diffu- 
sion usually follows a first-order, not a second-order process. Since at 
least two substances seem to be concerned in the formation of the sensitive 
material, they are probably combining in a chemical manner. 

4. Temperature and Dark-Adapiatiofi, The chemical nature of the 
process of dark-adaptation can be tested by studying the effect of tempera- 
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FIGURE 8 

Relation between the Absolute Temperature T and the Velocity Constant 
h OP THE Dark-Adaptation Reaction in Mya 
The straight line is the Arrhenius equation log k% rr — fi/RT-hC 
^ with jti 17,400, 
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ture on the process of dark-adaptation. We have already seen that the 
velocity of diifusion processes is usually only slightly affected by a rise in 
temperature, while that of chemical processes is significantly dependent on 
the temperature. Experiments were therefore made with Mya in which 
dark-adaptation was measured at three temperatures, about 5“C. apart. 
The measurements (Hecht, 1926-27) show that dark-adaptation is about 
three times as rapid at the highest temperature as at the lowest. The 
data are sufficiently adequate quantitatively so that they may analyzed 
in detail. Figure 8 shows that the velocity constant hy of the bimolecular 
equation is related to the absolute temperature according to the Arrhenius 
(1915; see also Crozier, 1925-26) equation, which describes such a rela- 
tion in pure chemistry. 

5. General Applications. It is surprising how adequately the kinetics 
of a bimolecular reaction describe the dark-adaptation of quite a variety 
of organisms. I have given the data for Ciona, for Pholas, and for Mya. 
A precisely similar situation exists with the frog tadpole as measured by 
Obreshkove (1921) and computed by me (1926-27). Recently Castle 
(1928-29) has found that a bimolecular equation describes the dark- 
adaptation of Phytontyces. Similarly, Crozier and Wolf (1928-29) 
have shown that a slightly more elaborate, but essentially identical, analysis 
may be applied to the dark-adaptation of the snail A grloUmax. 

These similarities must not be interpreted to mean that the actual 
substances entering into the dark reaction are identical in all these or- 
ganisms. In fact, there is evidence presently to be given which shows 
that these substances are not the same. It is merely their arrangement 
and the order of their reaction — in short, their organization — ^which 
seem to be identical in the different species. That the reaction under- 
lying dark-adaptation is bimolecular and not monomolecular is not un- 
expected, since the reverse photochemical reaction very likely converts one 
light-sensitive molecule into two products. The particular order of the 
reaction underlying dark-adaptation is of no special importance. The 
significant fact is that dark-adaptation is consistent with an equation de- 
scribing the kinetics of a chemical process, 

V. Dark-Adaptation of the Eye 

1. Periphery. The dark-adaptation of the eye is particularly inter- 
esting because the human retina contains two sets of receptors, rods for 
dim vision and cones for bright vision involving color (von Kries, 1929). 
It can be shown that these two systems work quite independently in dark- 
adaptation (Kohlrausch, 1931). Their behavior must therefore be studied 
separately. 

The earlier investigations of Aubert (1865), Piper (1903), and Nagel 
(1911) were concerned almost entirely with the rods even though the 
eye as a whole was measured. Figure 9 gives an example of the results 
obtained by Piper, who in 1903 made the first reasonably adequate measure- 
ments with the periphery of the eye. Following an old suggestion by 
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FIGURE 9 

Dark-Adaptation of the Human Eye Representing Only the 
Function of the Rods 

Data from Piper (1903). The curve is computed from a bimolccular reaction as 
explained in the text Log =- 4.41 and log I ^ «=* 0.00. 

Best (1910), the data are plotted as the logarithm of the threshold. As 
the figure shows, this minimum perceptible intensity decreases steadily from 
the beginning of adaptation. At first this decrease is very rapid, then it 
occurs more slowly. After half an hour in the dark it is about one ten- 
thousandth of its value at the start. 

The changes after 30 minutes are very slow and contribute little to the 
extent of the phenomenon, Achmatov (1926) has made extended observa- 
tions for prolonged dark-adaptation. His data show that after the first 
half-hour of adaptation, the next 24 hours result in a further decrease 
of the threshold to about % of its value at 30 minutes. This is obviously 
a negligible reduction. 

2. MeasuremenU of the Fovea^ All these measurements record the 
responses of the periphery of the eye. The first attempts to measure the 
dark-adpatation of the fovea ^ (Nagel and Schaefer, 1904; Uittler and 
Koike, 1912; Inouye and Oinuma, 1911), though based on erroneous 
methods, showed that such adaptation exists, a fact which seems at first to 
have been doubted. The data, however, were too doubtful to describe the 
phenomenon adequately, and it was noc until 15 years after Piper's work 
with the periphery that the first reliable measurements of foveal adaptation 
were made (Hecht, 1921-22). The data which I then secured show that 
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the dark-adaptation of the fovea is extraordinarily rapid, being practically 
over in a few minutes. The measurements were made with extreme red 
light in order to avoid stimulating the rods in the periphery. The data 
are shown graphically in Figure 10. This work has been confirmed by 



O JO ISO 

77'me-- mif)otes 
FIGURE 10 

Dark-Adaptation of the Fovea 

The points are the averages of 30 measurements with 15 observers. The curve 
is computed in terms of equation [ 10 ] for which i^ 2 = 1 . 81 , log -“2.13, and 

log —3.45. 

the later data of Kohlrausch ( 1922, 1931) and the more recent findings of 
Dieter (1929). 

3. The Retina as a Whole, A comparison of these data for the rods 
and for the cones as shown in Figures 9 and 10 should have made it ap- 
parent at the time that the dark-adaptation of the eye as a whole must 
include both sets of phenomena. This, however, was first pointed out by 
Kohlrausch (1922) somewhat later. Kohlrausch found that with a por- 
tion of the eye outside the fovea, which contains both rods and cones, dark- 
adaptation shows a break in its course. Preceding this break, dark-adapta- 
tion is a function of the cones ; following it, dark-adaptation is a function 
of the rods. 

The location of this break in the time course of dark-adaptation and the 
relative magnitudCsS of the two portions of the process depend on several 
things, Kohlrausch (1922, 1931) found these things to be influenced by 
the color of the measuring light in accordance with the well-known differ- 
ences in spectral sensitivity of the rods and cones (cf. Figure 15 in Sec- 
tion VIII). For red light the break occurs late and the portion of the 
dark-adaptation curve after it is small. For blue light the break comes 
eply and is followed by a long adaptation extending over several loga- 
rithmic units. Wald, Haig, and 1 (1933) found the same differences 
depending on the retinal area of the light used for measurement. For 
centrally fixated areas below 2** in diameter the break is completely absent. 
Fox larger areas centrally fixated the break appears, and comes earlier 
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the larger the area. Similarly, the part after the break becomes more 
extensive as the area increases. 

The identification of the separate expression in dark-adaptation of the 
function of the rods and of the cones is strengthened by the work of 
Dieter (1929), who compared under similar circumstances the dark- 
adaptation of normal people with that of night-blind people. Such hem- 
eralopes show an adaptation corresponding to the earlier portions of the 
normal eye, indicating the participation of the cones ; and at the same time 
they show a complete absence of the remaining and ^ more extensive 
adaptation which corresponds to their missing rod function. A similar 
situation exists in the measurements made by me (1921-22) and by Kohl- 
rausch (1922, 1931) when adaptation is measured with extreme rnono- 
chromatic red light to which at the threshold the rods are practically 
insensitive. The resulting curve, as shown in Figure 10, is a purely 

cone curve. ^ ^ 

An experiment which illustrates this whole situation is shown m Figure 
11. One set of points shows the dark-adaptation of the eye as a whole 



FIGURE a 

Dark-Adaptation of the Eye, as a Whole, Showing the Independent Action 

OF THE Cones and Rods 

The open circles are one experiment in which the whole eye was measured, 
whereas the solid circles are another experiment in which the cones in the fovea 
alone were measured. The upper curve for the eye, as a whole, obviously concerns 
only the cones; the rest concerns the rods. The curves are theoretical, and are 
computed in terms of equation For the cones h = 0*773 and log — 

—.2.90; for the rods kt — 0.0889 and log If —6.00, The data are measure- 
ments of dark-adaptation after a light-adaptation to 1100 millilamberts and were 
made by Messrs. Charles Haig and George Wald in our laboratory. 
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following a preliminarv light-adaptation to a brightncbs of 1 100 millilam- 
berts. It is apparent that this adaptation proceeds in two stages sepaiated 
by a sharp break as found by Kohhausch. I'he other set of points was 
secured under identical conditions of light-adaptation; the measurements, 
however, were made with practically monochromatic light between 660 
and 700 mjj. illuminating a small cross whose image fell within the rod- 
free area of the retina, and tliciefoie measured the adaptation of the 
cones only. Such an experiment, taken in conjunction with the other 
evidence already presented, pioves unmistakably that both the cones and 
the rods participate in dark-adaptation and that their separate contributions 
can be identified in the dark-behavior of the ejT as a whole. 

4. Physicoihemical Basis, Can these data of dark-adaptation con- 
tribute to an understanding of the physicochemical processes at the basis 
of visual sensitivity? At different times, Lasareff (1914), Putter (1920), 
and I (1919-20c 1921-22) have each independently made mathematical 
analyses of the dark-adaptation process in the eye. While differing in 
detail and in the accuracy with which they reproduce the data, all these 
analyses assume that dark-adaptation is an expression of the kinetics of the 
reaction which restores the photosensitive substance to the sensitive ele- 
ments. The interpretation which 1 have just given of the data of animals 
like Mya and Ciona shows how reasonable such an idea is and how it may 
be substantiated in a variety of ways. 

Lasareff^s first analyses (1914, 1923^) were made in almost complete 
disregard of the actual data. His equation describes the known numerical 
measurements only aftei 30 minutes of dark-adaptation when, as Figure 
9 shows, the process is very nearly complete. As a result of criticism 
he has recently (1926) included the really significant, early part of the 
course of dark-adaptation. This has led him into complicated considera- 
tions of after-images; and the resulting derivations describing the complete 
process have lost whatever directness and simplicity the earlier equations 
possessed. Piitter’s (1920) treatment of dark-adaptation is one phase of 
an interesting effort (1918) to derive all sensory phenomena from certain 
a priori considerations in themselves not unreasonable. The result is an 
equation which is almost identical with Lasareff^s first equation, and is 
subject to the same criticism. 

The theoretical analysis of the dark-adaptation of the eye which I pro- 
posed rests on the experimental fact that in the photosensory process in 
Mya the photochemical effect of light is proportional to the logarithm of 
the intensity (cf. Figure 4). This relationship is found in many photo- 
chemical reactions; and there are so many properties of the eye which are 
logarithmic functions of the illumination that one may assume this photo- 
chemical relation to hold for the eye as well This means that starting 
with a constmit, initial concentration of sensitive material Sj the amount 
of it which is changed by the light is proportional to the logarithm of the 
mtemity. ^ It therefore follows for the same photochemical system that, 
if the initiial concentration is variable and unknown, it will be proportional 
to the logarithm of the light intensity necessary to produce a small but 
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constant photochemical eitect. The proportionality is inverse, because the 
lower the concentration, the higher is the intensity which is necessary to 
produce a constant small effect. 

The measurements of dark-adaptation consist of determinations of the 
intensity of light required to produce a minimal and therefore constant 
sensory effect. Figures 9, 10, and 11 show that the values of the intensity 
decrease steadily. On the other hand, the concentration of photosensitive 
material undoubtedly increases during the process of adaptation. It is 
possible to relate these two things in order to derive a quantitative ex- 
pression for the kinetics of the process, by supposing that the concentration 
of sensitive material at any moment is an inverse logarithmic function of 
the threshold intensity at that moment. In other words, the concentration 
of S is proportional to 1/log /. 

Using the same notation as before, let us call It the intensity threshold 
at any moment t; then /o will be the threshold at the first moment of dark- 
adaptation when / = 0, and // will be the final intensity after complete 
dark-adaptation when / =: oo. The concentrations of sensitive material 
at these moments are then proportional to 1/log Ity 1/log Jo, and I/log 
If respectively. The difference between 1/log If and 1/log lo gives the 
total change in concentration of the sensitive material during dark- 
adaptation. 'Fhis we may call a, which then becomes equal to 1/log If — 
1/log /o. Similarly the difference between l/log Iq and l/log It gives the 
increase in concentration of sensitive material which has already been 
accomplished during t minutes of dark-adaptation. This is a~x, and 
becomes a — x = l/log It — l/log /o. Finally, the difference between 
l/log If and l/log It gives the concentration x of sensitive material still 
to be formed before dark-adaptation is complete. Thus x = I/log If — 
I/log lu We may now substitute these values into equation [8] which, 
on solving, gives us 

log h/It 

h= [ 10 ] 

/ {log h/If) {log It/ If) 

where = kV(log The reason that (log is included in k% 

is that it renders equation [lOJ independent of the units of intensity in 
which the measurements are made. 

Equation [10] gives the value of the velocity constant in terms of 
the time and the intensity, I'here are therefore no arbitrary constants, and 
^2 may be computed from the data alone. In practice, the intensity at 
complete dark-adaptation, //•, is usually not given with the data, because' it 
is a tedious matter to stay several hours in the dark in order to secure it. 
Therefore it has to be assumed by extrapolating from the measurements. 
The values of the threshold intensity at the first instant of dark-adaptation 
/o are usually also not determined, again because of the almost insuperable 
technical difficulties. Instead, the first experimentally measured value 
may be called /o; its value of t is then called zero, and its real value 
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is deducted from the subsequent values of t. This is the torm in which 
Piper *s data shown in Figure 9 were actually published. 

However, it is not necessary to do even this, because the computation 
of dark-adaptation data in terms of equation [10] may be much simpli- 
fied by transforming it into the form of a straight line as given in 
equation [10^?]. If we add and subtract log If in the numerator in equa- 
tion [10] and remember that the logarithm of a fraction equals the log- 
arithm of its numerator minus the logarithm of its denominator, then 
equation [10] becomes 

[ 10 ^] 

log h/li log Zo/// 

Equation \\0a] is in the form of a straight line when t is plotted against 
the reciprocal of log {It/If). The slope of this straight line equals h> 
which can thus be secured graphically without assuming any value foi 
log /o. It is to be emphasized that the dark-adaptation of the cones and 
of the rods must be considered separately and computed independently. 

All the curves in Figures 9, 10, and 11 aie drawn from equations [10] 
or [lOrt]. Attached to each figure are the relevant numerical values 
which may be used for computing the data in terms of eciuations [10] 
and [10^?]. It is apparent that the expciimental points for the rods are 
represented with a satisfactory degree of accuracy by the equations.^ The 
data for cone dark-adaptation, because the process is so very rapid, are 
not quite so critical as for rod dark-adaptation. The points for the cones, 
though easily fitted with a bimolecular equation, do not exclude some 
other formulation — possibly a monomolecular one. The data are thus 
consistent with the notion that in the rods and in the cones the sensitive 
substances are being replenished as if independently in each case they 
were being formed by the chemical reaction of at least one, and very 
likely of two, other substances. 

5. Other Animals, The only other animal for which dark-adaptation 
has been adequately measured in terms of threshold intensities like the 
human eye is Limulus, recently investigated by Hartline (1929-30). Us- 
ing the electrical discharge of the eye on illumination, Hartline measured 
first the extent of the electrical response to the same intensity of light 
at diflFerent times in the dark; and, secondly, the intensity of light re- 
quired to elicit the same electrical response at different periods of dark- 
adaptation. Both methods yield identical results because Hartline was 
able to show experimentally that the extent of the electrical response is 
directly proportional to the logarithm of the illumination. Using this 
as a measure of the concentration of sensitive material, Hartline found 
that dark-adaptation in Limulus follows the course of a second-order 
chemical reaction precisely as we have shown it here for the eye. 

The work of Honigman (1921) on the dark-adaptation of chicks is 
too fragmentary to be treated mathematically. 
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VI. The Photoreceptor Process 


We have now arrived at a critical point in the efiEort to make a physico- 
chemical picture of the photoreceptor process. Certain things seem to 
be fairly well established. The process as a whole is composed of two 
parts: a primary photochemical system and a secondary ‘‘dark” system. 
These are intimately related to each other in that the dark process, though 
all ready to go, cannot proceed to form the necessary material which in- 
itiates the nerve impulse until the primary process has produced some 
products as the result of the chemical action of light on a photosensitive 
material. Moreover, the velocity of the secondary dark process is pro- 
portional to the concentration of the photoproducts formed in the primary 
reaction. 

So far as the primary reaction is concerned, we know three significant 
things. First, a sensitive material S is decomposed by the incident light, 
as the firs(t step in the sensory process. Second, a part of the resulting 
products, which we have called P> are by some means taken away as they 
are formed so that the full photochemical effect is never transmitted. 
And, third, the photosensitive material S is replenished in the dark and 
presumably also in the light in a way which indicates its chemical forma- 
tion from two other substances which disappear in the process. All this 
information can no longer be left in a vague condition, but must be com- 
bined into a concrete picture for experimental and mathematical testing. 

Let us begin with the primary part of the process. Dark-adaptation 
is the reaction which restores the supply of sensitive material which is 
constantly being depleted by the photochemical reaction. If one supposes 
that the sensitive material is built up mainly from the products of its 
photolysis, then its kinetics as a bimolecular reaction is almost the simplest 
conceivable. This amounts to the assumption that the photosensitive 
material S is decomposed by light into at least two substances, P and A, 
which at the same time tend to recombine and form the original material 
S. We then have for the first part of the receptor process a reversible 
photochemical system, which may be written as a completely reversible 
reaction 


light 

“dark” 


[ 11 ] 


for convenience, but which more likely is only a pseudo-reversible reaction 
of thb type 




[ 12 ] 


where B is the substance which carries on the effects of the primary light 
reaction, and C is a substance present in excess which supplies the material 
and energy for the combination. The two forms [11] and [12] may 
be treated mathematically in an essentially identical manner; so for con- 
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vemence we shall usually refer to the simpler form in equation [11]. But 
it is well to remember that equation [12] is the more probable form when 
one tries actually to picture the energetics and material balance which are 
concerned in photoreception. 

For the second part of the receptor process we have seen that L“^T 
represents the known facts. The unknown relation between the primary 
and secondary reaction may be represented by 11P+^||. This may mean 
catalysis by one or another of the photolytic products of the primary re- 
action; or it may mean actual combination of L with B formed in the 
primary process; or it may mean some other interrelation which we cannot 
think of now. 

Keeping all this information in mind, we can then express the physico- 
chemical system which underlies the photoreceptor process in the follow- 
ing diagrammatic form. 


light 


light o 

S , P+A +c;L\\P+A\\^T 


impulse 


Taken as a whole, this system is a coupled photochemical reaction com- 
posed of a primary photochemical reaction and a secondary ‘‘dark” re- 
action. In addition, the primary reaction is reversible. Such coupled 
photochemical reactions often possess the significant property of involving 
much more chemical change, both in number of molecules and in quantity 
of energy, than would be expected from the relatively small amount of 
light energy used by the primary photochemical reaction. In this respect, it 
‘conforms to what one has always supposed the sensory process to be, namely, 
a nearly self-contained system, high in energy content, which can be re- 
leased by a small addition of energy from the outside. It is this which is 
usually meant when the sensory process is spoken of as a trigger mechanism. 
The energy and reactions are all there; they merely require to be re- 
leased. In the case of the photosensory process this is done by the forma- 
tion of decomposition products by the light. 

This hypothetical model of the photosensory process must not be taken 
literally. It is merely a diagrammatic and shorthand summary of the 
essential characteristics of the sensitivity of animals to light. Obviously, 
it is too simple to represent a complete description of the visual process, 
and we shall have to amplify and modify portions of it as this becomes 
necessary by the discovery of further knowledge. The hypothetical model 
assumes the photochemical reaction to be monomolecular. Photochemical 
reactions may be of zero order, of first order, or of second order; only 
measurements can tell which type occurs in a specific animal or sense- 
cell A similar situation obtains for the “dark” recovery reaction, which 
in addition may or may not be identical with the reaction which removes 
or inactivates the changed photosensitive substances as they are formed 
by the light. 
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In building the hypothetical model, I have purposely kept it specific, 
but at the same time as simple as possible. In the application of mathe- 
matics to biology, it seems to me that simplicity is absolutely essential, 
because even at its best no mathematical tieatment can ever be as com- 
plex as the organism really is. The simpler a model and the more 
concrete it is, the more one can think about it in relation to the organism, 
and the more direct are the experiments that can be made in terms of it. 
Its deviations from observed fact are then obvious and may be used as 
the starting-point for ne'w conceptions and fresh expeiiments. On the 
other hand, computations based on a complicated model obscure their 
deficiencies by the closeness w’ith which they may be made to fit the data 
by the use of many arbitrary constants. 

VI 1. Light- Adapt ATI on 

L Measurements. There is one portion of the hypothetical physico- 
chemical mechanism presented in the last section for which no evidence 
has been brought forward- This concerns the course of the purely photo- 
chemical reaction S'>P-\-‘A. It is true that for effects near the beginning 
of the reaction we found in Section III a linear relation between ex- 
posure time and concentration of S changed. But this assumes nothing 
more than that almost any curve may be considered a straight line over 
small distances. Full information with regard to the kinetics of this 
reaction can be secured only from the course of light-adaptation. 

The most direct method of measuring light-adaptation would be the 
determination of the threshold at different moments during a sustained 
exposure to light. Such a method is beset by the difficulty that, because 
the speed of light-adaptation is great, the measurements can be neither 
precise nor numerous. Lohmann (1907) tried to avoid this by per- 
mitting ten seconds of dark-adaptation to precede each measurement of 
the threshold after a given duration of light-adaptation. The resulting 
data are adequate enough for showing that the process is quite rapid and 
is complete in a very few minutes. However, the data cannot be treated 
theoretically just because of these ten seconds of dark-adaptation before 
each measurement 1 have therefore made measurements (1922-23) 
with Mya so designed that they record the velocity of Hght-adaptatxdn 
in steps, as the animal passes in adaptation from one intensity to a higher 
intensity. In this way the course of light-adaptation may be pieced 
together out of the data, giving the velocity at different stages of the 
process. 

^ Mya when exposed to light indicates stimulation by retracting its 
siphons after a definite reaction-time. If the illumination is maintained, 
no further response takes place and the animal becomes adapted. Its 
sensitivity has, however, become changed in that a longer exposure than 
before is necessary to elicit a response to an intensity higher than the 
one to which it is adapted. The experiments have consisted essentially 
in allowing an animal to become adapted to each of a series of intensities 
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TABLE 5 

Relation between the Intensity (in Meter-Candles) to Which Mya 
Adapted and the Reaction-Time (in Seconds) with Which It Responds 
When Exposed to an Added Illumination of 694A Meter-Candles 
The remaining computations are explained in the text. 


Is 


Adapting 

intensity 

Reaction- 

time 

Stimulating 

plus 

adapting 

intensity 

Xq 

U 





0 976 

1.93 

695.4 

3.08 

0 46 

0.66 

1,12 

7.43 

4.35 

2.57 

1.97 

697 0 

4.94 

0.72 

0.70 

142 

9 40 

4 46 

8.78 

2.01 

703.2 

9.19 

1.38 

0.74 

2.12 

13 73 

4.54 

27.78 

2.14 

722.2 

15.33 

2.34 

0.87 

3.21 

20 21 

4.88 

73.04* 

2.24 

767.4 

23.62 

3.63 

0.97 

4.60 

28.49 

4.87 

250 0 

2.39 

944.4 

39.04 

5.78 

1.12 

6 90 

43.34 

4.30 

530.6 

2.78 

1,225.0 

51.00 

6.98 

1.51 

8 49 

55.33 

4.33 


and in measuring at each of the adaptation intensities the exposure neces- 
sary to produce a response to a constant higher intensity. Table 5 gives 
the data of one series of measurements. The adapting intensities are 
given in one column and the reaction-time to an added light of 694.4 
meter-candles is given in the next column. It is apparent that the reac- 
tion-time, and therefore the necessary exposure, increases as the initial 
adaptation intensity increases. 

2. Mathematical Considerations, It is possible to show that these 
data are quantitatively consistent with a rigorous derivation of the con- 
sequences of the hypothetical photosensory system presented in the previous 
section. This will be gone into in some detail as an illustration of the 
use of the photoreceptor model in actual practice. Let us consider only 
the primary reversible photochemical reaction 

light 

S P+A [11] 

‘‘dark^^ 

and follow what happens under the circumstances of our experiment. 
When the system is exposed to a constant illumination such as will 
produce adaptation in the animal, the light is absorbed by the sensitive 
material S which is then decomposed to form P and A, Since the re- 
verse reaction is independent of light, it will proceed according to the 
ordinary mass law. As soon as some P and A are formed, they will 
unite to form S again and the velocity of formation will depend on the 
concentrations of P and A. The sensitive material S will continue to 
be broken down by light and the precursor products P and A will con- 
tinue to form S as long as the illumination is maintained until a photo- 
stationary state is reached in which the rate of photolysis of S is balanced 
by the regenerative dark formation of S from P and A. In this sta- 
tionary condition the concentrations of Sj P, and A will remain constant 
so long as the light continues to shine on the animal 
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To produce a response in the animal after it has thus become adapted 
it must be exposed to a stimulating light of higher intensity. The sen- 
sory system then becomes illuminated by a total intensity equal to the 
sum of the stimulating and adapting intensities. As a result of this 
exposure the photostationary state is upset, more sensitive material S 
is decomposed, and the whole sj^stem proceeds kinetically to a new sta- 
tionary state corresponding to the higher total intensity. 

We have previously assumed in treating the properties of the threshold 
and in interpreting dark-adaptation that a given response of an organism 
always results from a constant photochemical effect. In the present in- 
stance, this means that during the exposure of Mya to the stimulating 
light after light-adaptation there is produced a definite increment in tlie 
amount of sensitive material decomposed during the exposure period. If 
the reversible reaction [11] assumed for this primary photochemical pro- 
cess is correct, then the data should show this to be true. That is, the 
change in concentration produced during each exposure period shown in 
Table 5 should be constant regardless of the intensity of the adapting 
light and of the duration of the exposure period. 

For purposes of calculation all these processes may be described in 
the following way. Consider that the reaction system has been illumi- 
nated with light of intensity I for time t, during v^'hich x units of S have 
been decomposed to form an equivalent amount of P and .*/. llie velocity 
of the photochemical reaction alone, is 

S/ 

= kj {a~x) [I3j 

Hx 

where a is the initial concentration of S in the dark and ki is the velocity 
constant which already includes the absorption coefficient (Hecht, 1923- 
24‘b), The reverse reaction being independent of light fol- 

lows the mass law and its velocity is 

Bx 

; = hx^ [14] 

in which ^2 is the velocity constant and the- sign is negative because the 
velocity is opposite in direction to that of equation [13]. The sum of 
these two partial velocities 

dx 

= k^l {a — x) — [15] 

dt 


gives the real velocity of decomposition of S when both reactions go on. 
When the reaction S has reached a photostationary state, 

the velocity dx/dtz=,Q, Equation [15] then becomes 

kx ofi 

I ^ [16] 


h 
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which describes the concentrations in the photosensory system when the 
animal has become adapted to intensity 1. 

.When the animal is exposed to the stimulating light />, the sensory 
system is then illuminated by an intensity equal to the sum of the stimu- 
lating and the adapting intensities. The stationary state is upset and 
more S is decomposed. The velocity of this decomposition is now given 
by the equation 

— = {a — x) —k^x^ [17] 

dt 


This is a differential equation. In order to know the actual amount of 
S decomposed during the course of this reaction it is necessary to in- 
tegrate equation [17]. The integral form becomes 



2kit + h{l + l,) 2 *1 (/ + /.) 

nz rzz tanh-^ — 

V g V 7 


[18] 


where q=:Aaki (/ + /«) ^^2 + + and is given for conveni- 

ence in handling the equation. This equation describes the course of the 
reaction S ^ P-\-A under the new illumination. 

3. Calculations, The computations in terms of these equations may 
be illustrated by means of Figure 12 in which the curve is the reaction 



FIGUKE 12 

GftAi'HtcAL Representation of the Procedorb Useu in Computing the Amount 
or PhotochemicaIi Change Prooucbo in Going from Onr Stationary State of 

ttC3Wr-AOAPTATlON TO ANOTHER 
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according to equation [18]. Let be the concentration of P and A at 
the photostationary state for the adapting intensity 7 as given by equation 

[16] , and let /o be the (fictitious) time corresponding to this concentra- 
tion ATo in equation [18j. This then is the m(»incnt when the light is 
turned on. Let te be the exposure period which is equal to the experi- 
mentally determined reaction-time minus the latent period. The reaction 
under the new illumination begins at the moment /(> and proceeds for the 
time te until the time tf (=/o+^p) at which point an amount Xf of P and 
A will be present in the sense-organ. 

During the light-adaptation and therefore at the first moment of stim- 
ulation the concentration was .vo; at the end of the stimulation the con- 
centration is Xf. The difference between the two = Xf — xo is thus 
the concentration of sensitive material S which has been decomposed by 
the new illumination during the exposure time te in order to produce a 
response on the part of the animal. 

Inspection of equations [16] and [18] show^s that they contain three 
variables, intensity /, time t, and concentration x, and two constants k\ 
and ^ 2 * Since we know nothing of the actual materials involved here 
the numerical values for x arc meaningless in themselves. Therefore, we 
can solve these equations by assigning purely arbitrary numerical values 
to ki and because changing these constants is the equivalent of chang- 
ing the units in which time and intensity are measured. Let us put 
y^^rrO.OOOl and ^’2=0.001, and let m call <2=100 per cent. Using 
these values for the constants, we may compute X{) for the photosta- 
tionary state for the series of adapting intensities. The results are given 
in Column 3 of Table 5. The corresponding (but fictitious) values of 
/o, the initial moment in stimulation, are then derived from equation 
[18] and are tabulated in Column 4 of Table 5. To these are now 
added the exposure periods te as experimentally measured. These are 
given in Column 5, which when added to Column 4 gives the values 
of tf of Column 6. By means of equation [18] the final concentration 
Xf for the time tf is then computed; the results are in Column 7. If 
from these values of Xf are subtracted those of xo in Column 3, we get 
Xe in the last column as representing the amount of sensitive material S 
which has been decomposed during the exposure to the stimulating light 
after adaptation. 

If these equations and calculations mean something, they should show 
that this amount of material is constant. It is apparent that the values 
of Xq are constant. Therefore light-adaptation follows the course of the 
reaction S "" P-\-A as expressed by equation [18], and the experi- 

ments are consistent with the requirements of the physicochemical model 
of the photosensory process suggested in the last chapter. 

4. Approximate Formulation. I cannot refrain from calling atten- 
tion to equations [17] and [18]. The photochemical system S 

P+A ^ which they describe is a simple one. The differential equation 

[17] is also simple. Yet the integrated form [18] Js certainly not simple 
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and shows that to formulate rigorousl)* even a simple idea there is re- 
quired a fairly complex expression. 

For certain purposes, especially when the intensities are high, it can 
be shown graphically that the course of equation [18] is approximately 
given by the equation of a monomolecular reaction in which the maxi- 
mum effect corresponds to that derived from the photostationary-state 
equation [16] and in which the velocity constant is proportional to the 
logarithm of the intensity. Wolf and Crozier (1927-28) have found 
that the light-adaptation of the snail Jffriohrnax may indeed be described 
by this simple formulation, and that the velocity constant of the first- 
order reaction used is proportional to log L It is this approximate rela- 
tion between log I and photochemical effect which we have assumed in 
Section V in order to describe dark-adaptation. The logarithmic rela- 
tion between intensity and effect is a very common one in many bio- 
logical and chemical processes. 

5. The Nature of Adaptation, The study of light-adaptation has 
certain other general implications W'hich it is well to consider. On con- 
tinued exposure to light, an animal like Mya or Pholas soon comes into 
sensory equilibrium. This fact is demonstrated by the condition of the 
animal, which to all appearances looks and behaves as if it were no longer 
stimulated by the light. Its retracted siphon becomes expanded, and its 
water current continues in the same normal manner after sustained ex- 
posure to all intensities from zero to the highest sunlight illuminations. 

Among the many relations which an organism maintains with its 
environment, none would seem so purposeful as its adaptation to a sus- 
tained change in the environment. This kind of adaptation clearly be- 
longs to those activities of an animal which have been called its ‘^behavior,*’ 
and, as such, has been considered as remote from analysis in terms of 
matter and energy as it is pOsSsible to get. Indeed, because of this appear- 
ance of purpose, sensory adaptation has been used in the study of animal 
behavior as a tool with which to prove the presence of a ‘‘higher behavior” 
in animals. It would be beside the point to make specific references to 
literature of this nature because of the extent to which it would lead. 

The photoreceptor process constitutes one of the very few closely studied 
instances of the behavior of an organized tissue- In the case of Mya, 
dona, and Pholas it has been necessary to include in this study the sen- 
sory behavior of the animal as a whole. And as this chapter has shown, 
such a use of adaptation is wholly unwarranted. It must by now be 
clear that adaptation to sustained illumination is essentially^ a sensory 
phenomenon, and takes place as the result of a rearrangement in the con- 
centrations of a group of chemical substances and processes which con- 
stitute the essential parts of the sense-organ. 

Adaptation possesses a property of prime significance, in that it is auto- 
matic. Not only does adaptation take place in the sense-organ, away 
from nervous activity, but it is actually determined by the outside source 
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of stimulation. The equation which describes the situation in the sense- 
cell during adaptation is the stationary-state equation 


^2 {a — -v) 


[16] 


which we have just derived. In this equation the only two variables are 
the intensity of I of the light and the concentration x of the decomposition 
products P and A produced by it from the sensitive substance S, Of 
these two variables it is the intensity I which changes independently, and 
with it change the concentrations of S, P, and A, Given a value of 1, 
and the equation is at once determined. In short, adaptation is a phe- 
nomenon which is controlled not by the animal but by the light. We have 
heretofore applied the term adaptation in the wrong place as far as sensory 
adaptation is concerned. We have assumed that the animal adapts itself 
to the light, whereas, once given the sensory mechanism, we should say 
that the light adapts the animal to itself. 

It is well to look a little more closely at equation [16], and equations 
[13] and [14], from which it is derived. It is apparent that a change 
in intensity I will produce an effect on the concentrations of the materials 
in the sensory system. If the intensity is maintained, however, the system 
arrives at a stationary state which superficially resembles an equilibrium. 
It is not a real equilibrium, however, because it needs a constant supply of 
energy to maintain it. 

Thus, between the nervous system of the animal and the outside en- 
vironment there is interposed a sensory system which acts so as to transmit 
any rapid changes in the environment, but which hides any long-maintained 
conditions. 

This becomes even more evident at different levels of adaptation. In 
order to produce a given effect, the amount of decomposed materials P 
and A formed is constant, no matter what the adapting light happens to be. 
Note carefully that the actual amount of outside light necessary to pro- 
duce this constant photochemical effect varies strikingly. We speak of 
this as a variation in sensitivity, 'fhe impulse from the sense-organ, how- 
ever, is probably the same. The sense-organ in this way acts as a buffer, 
in that it changes these variable amounts of environmental disturbance into 
a constant photochemical disturbance which constitutes the impulse for a 
given sensory effect. Looked at from this point of view, sense-organs 
possess a function which is usually not recognized as theirs. ITe sensory 
system of animals is not only the traditional receptor system with which 
we have so far been concerned but is, as well, a protecting layer which 
stabilizes and buffers the relation between the nervous system and the 
environment. 


VUL Intermittent Stimulation 

1. Talbofs Law. In the normal existence of an animal light- and 
dark-adaptation occur independently and at irregularly different times. 
When the two processes are arranged to occur in rapidly repeated alter- 
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nation, the resulting sensory effect possesses several significant character- 
istics which furnish further information about the sensory process. 

The first of these characteristics concerns the magnitude of the sensory 
impression and may be best stated in relation to the human eye. When 
the illumination of a visual field is regularly interrupted with sufficiently 
high frequency, it appears continuous. Talbot (1834) first pointed out 
that the brightness of such a field now corresponds to the original illumina- 
tion multiplied by the fraction which the actual duration of illumination is 
of the total duration of a complete cycle of illumination and darkness. 
Thus, a reduction in the time of action of the light is equivalent visually 
to a corresponding reduction in its intensity. Wolf and 1 (1931-32) have 
recently reviewed the history of the measurements made in the last hun- 
dred years in order to test Talbot’s law; judged by these, there is no doubt 
of its experimental validity for the eye. Even tlic measurements of Pick 
(1863) which seemed to contradict it were shown by Aubert (1865) to 
be consistent with it. The measurements for animals other than man aie 
very sparse (Hecht and Wolf, 1931-32), but enough is known to make 
the validity of Talbot’s law seem generally probable. 

To augment the available data, Wolf and I tested Talbot’s law with 
My a using a method essentially like that recorded in the previous section 
on light-adaptation. We adapted clams to lights of various intensities, 
each of which was secured in two ways — by continuous illumination 
and by rapidly interrupted illumination — and then measured the reaction- 
time of the animals to a constant stimulating light of higher intensity. 
Figure 13 shows our data, from which it is apparent that the reaction- 
time in the two situations follows the same relationship to the adapting 
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FIGURE 13 

Rblation between Adapting Intensity ani> Reaction-Time to a Constant 

Stimulating Light 

The open circles are for adaptation to continuous light, whereas the solid circles 
are for adaptation to interjoiittent light. The two produce the same results. 
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intensity regardless of whether it is an intermittent or a continuous illumina- 
tion, thus demonstrating the validity of Talbot’s law for Myu. 

2. Intensity and Critical Frequency, The second characteristic of 
intermittent illumination concerns the precise frequency of interruptions 
at which the appearance of flicker disappears from the visual iield. Under 
controlled conditions the determination of this critical fusion ficquency 
may be made with considerable accuracy; its precise value, however, de- 
pends on a variety of conditions, of which the most effective is the intensity 
of the illumination. 

Though the dependence of the critical frequency on illumination was 
recognized over one hundred 5'ears ago (see Hecht and Verrijp, 1933- 
34a) y it was only forty years ago that Ferry (1892) formulated what 
has since become known as the Ferry-Porter law, namely that the critical 
frequency is proportional to the logarithm of the illumination intensity. 
Ferry’s published measurements distinctly do not support this generaliza- 
tion, but the later data of Porter (1902) do. Porter found that when the 
critical fusion frequency — as cycles of light and dark per second — is 
plotted against the logarithm of the intensity the data fall on two straight 
lines instead of one. The two lines intersect at an illumination of about 
0.25 meter-candles, and the slope of the lower is 1,56 while that of the 
upper is 12.4. These findings were corroborated by ives (1912^) and 
by several other investigators (Allen, 1919; Hecht and Verrijp, 1933-34^7), 
Ives’s data for different parts of the spectrum show a dual logarithmic 
relation similar to that for white light. However, the slope of the 
straight lines and their point of intersection seem to vary with the wave- 
length of the light, the upper and lower limbs of the relationship varying 
in different ways. In addition, Ives found the extraordinary fact that for 
blue light the lower line becomes horizonal. 

These peculiarities are difficult to reconcile with the obvious interpre- 
tation of Porter’s data which is genmilly given in terms of the duplicity 
theory of von Kries (1929), that is, that the lower limb describes the 
function of the rods while the upper limb describes the function of the 
cones. This difficulty has been emphasized by Allen (1926), whose 
flicker studies in general confirm Porter and Ives, though differing from 
them in particulars. Lythgoe and Tansley (1929) have shown that 
fixation, the retinal location of the measuring area, and the state of adap- 
tation have important effects on the critical frequency. Moreover, they 
found that in peripheral observation the lower portions of the data tend 
to become horizontal even wnth white light. 

In order to determine the significance of thes»e curious peculiarities and 
to study the phenomenon over a large range of intensities, Verrijp and I 
(1933-34^) investigated the relation in some detail. The data which we 
secured fall into several groups, depending on the ideas which urged us to 
make them. The measurements of Porter, with their division into two 
portions, made sense in terms of a separation of rod and cone function in 
flicker. If, in spite of subsequent confusion, this separation of rod and 
cone function is real, it should be possible to get a complete cone curve 
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by confining the measurements to the rod-free area of the fovea. Our first 
measurements were therefore made with strictly central fixation of a 
flickering area 2° in diameter, corresponding to a retinal region which 
is practically free of rods. In order to deal with a uniformly illuminated 
retina, this test field was surrounded with a continuously illuminated field 
of the same brightness as the test region. 



FIGURE 14 

Data for C.D.V. Showing Relation between Critical Frequency and log I 
FOR White Light for Three Retinal Locations: at the Fovea, and at 5** and 

20° ABOVE THE FoVEA 

The measurements for Verrijp’s eye are given in Figure 14. It is 
clear that for the fovea there is one continuous relation between critical 
frequency and the logarithm of the intensity. The relationship, however, 
is not rectilinear, but distinctly sigmoid, the S-shapc being rather drawn 
out. It is to the point that the recent measurements of Siilze (1932) with 
dragon-fly larvae and of Wolf { 1933-34) with bees have shown a similar 
sigmoid relation between critical frequency and log L 

In the middle range of intensities the data lie with reasonable pre- 
cision on a straight line. In this respect we can confirm Porter, Ives, and 
the other workers. Below these intensities the critical frequency con- 
tinues to decrease as log I decreases, forming a gentle curve and stopping 
fairly abruptly when with central fixation the field appears uniform 
even when the test area is extinguished. At the highest intensities the 
relation between critical frequency and log I rapidly ceases to be linear. 
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As the intensity is raised a maximum critical frequency Is soon reached, 
beyond which a further increase in intensit\ results in no further increase 
in critical frequency; rather it results in a decrease, which, however, may 
be associated with the unpleasant effects of exposing the eye to these 
blinding intensities. 

The slope of the middle portion of the data is 11.1 for Verrijp, and 
11.0 for myself. This is the same magnitude of slope found by Porter and 
by Ives for that portion of their data which has been generally considered 
as representing the cone function. In our measurements we have isolated 
that function so that it appears in complete form, and we have identified 
it anatomically with a region of the eye which contains only cones. There 
seems little doubt that the data represent the flicker function of the cones. 

The correctness of this conclusion becomes even more apparent when 
the measurements are made with regions of the retina outside the fovea 
centralis. We measured the critical frequency for white light with the 
same wSet-up as before but with fixation at 5“ above the center. The data 
are also given in Figure 14. 

The measurements clearly fall into two parts. The first is at low 
intensities, where the critical frequency first rises with log / and then 
reaches a maximum which is maintained approximately constant for 1.25 
logarithmic units. The second part then begins also with a rise in critical 
frequency as log I increases, and terminates when the critical frequency 
reaches a maximum, and then declines. To be certain of the general 
validity of these data, we measured the relation between critical frequency 
and illumination for the same test area and surround placed S'" peripherally 
in the four principal directions: up, down, nasal, temporal The data 
(Hecht and Verrijp, 1933-34<^/) all show the same division into two parts, 
with a rise and a plateau for each part. 

Of the two, the part at the higher illuminations resembles the foveal 
curve in appearance and has practically the same slope. Most likely, 
therefore, this portion represents the behavior of the cones. Moreover, the 
portion at low illuminations is a distinct and complete relationship and 
does not appear in measurements made in the rod-free area. The obvious 
conclusion here is that the rise and the plateau at low illuminations repre- 
sent the function of the rods. 

Measurements with the test field still farther out in the periphery con- 
firm and extend these findings. The data for a test area placed at 20" 
above the center show the same division into two parts, each with a rise of 
critical frequency versus log / and subsequent plateau as do the data al- 
ready given for a 5" peripheral displacement. The plateau for the 20" 
off-center measurements is about 0.75 log units longer than for the 5" 
off-center data. This is because at 20" the low values of the critical 
frequency occur at lower intensities and the high values occur at higher 
intensities than at S" off-center. Thus the rod system becomes more 
sensitive and the cone system less sensitive as the measuring area moves 
from the center farther into the periphery. This is in keeping with the 
anatomical increase in number of rods and the converse decrease in 



744 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


cones as one proceeds along the retina from the center toward the periphery. 

3. Color* The separation in flicker of cone function and rod function 
along the intensity axis may be accomplished without change of retinal 
position if one uses differently colored lights. Figure 15 shows the 



FIGURE 15 

Comparison of Rod and Cone Sensibiliit Distributions in the Spectrum, 
Taken from the Data op Hyde, Forsythe, and Cady and of Hecht and Williams 
The curves are each accurately drawn from their separate data. Their vertical 
separation, however, has been arbitrarily arranged so that they are nearly co- 
incident in the red; this is a graphic expression of the fact that the colorless 
and color thresholds of the eye are nearly coincident in the red. 

spectral sensibility of the cones and of the rods. The former are the data 
of Hyde, Forsythe, and Cady (1918) describing the relative energy for 
different parts of the spectrum required for a constant brightness effect 
for the fovea at high illuminations, expressing the cone function. The 
latter are the similar data of Hecht and Williams (1922-23) for the 
periphery at nearly threshold illuminations when there is no color visible, 
thus expressing the function of the rods. The two curves are arbitrarily 
made almost to coincide in the red region of the spectrum, since it is well 
known that in that region the color threshold is only slightly above or 
almost coincident with the colorless threshold. 
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Obviously if the relation benveen intensity and critical frequency is 
measured for a peripheral region containing rods and cones, the separation 
SLn the rod portion and the cone portion of the data should depend 
onThe wave-length. In the red, the two portions should be only slightly, 
1 at all. separated on the log I axis, whereas as the wave-length decreases 
ioward the violet the separation should continue to become greater and 

^"vSip and I made such measurement with a region of the eye 5° ijove 
the center The data for all colors at higii intensities resemble those 
secured with white light under similar conditions. In Figure 16 the data 



FIGURE 

Relation of Critical Frequency to log I for a 5® Off-Center Retinal Position 
FOR Different Parts of the Spectrum 

The upper portions of the data have been made coincident with the white data 
under similar conditions. It is apparent that for red li^ht (open circles) the 
rod and cone portions are very close together, wherep for violet light (solid 
squares) they are farthest apart. The other colors give intermediate results. 

are plotted so that this high-intensity portion for all colors is super- 
imposed on the similar portions of the white curve for 5*" taken from 
Figure 14. The slopes of all the colors for this portion are not identical, 
but they are near enough so that this procedure is possible. 1 he different 
positions of the low-intensity portions of the data are thus at once apparent. 
They show that the degree of separation of the two parts of the data for 
each wave-length is a function of the wave-length, and that the magnitude 
of the separation is of the expected order. One may therefore conclude 
that the two portions of the data correspond to the two systems in .the 
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retina, the low-intensity portion to the function of the rods, and the high- 
intensity portion to the function of the cones. 

4. Theoretical Formulation, The pholosensory process as a whole is 
not a simple system, particularly in the human eye. The mere fact, how- 
ever, that Talbotts law holds for a variety of visual receptor systems leads 
one to believe that the arrangements which deteimine its validity are com- 
mon to all of them and that this common possession is the photochemical 
process which must be present as the very first step in all photoreceptor 
systems. It is therefore significant that a quantitative study of the pro- 
perties of a photochemical system like that outlined in Section VI shows 
it to possess many of the essentially quantitative properties shown in the 
physiology of intermittent illumination. 

Let us first consider Talbot’s law. To be concrete I shall derive it in 
terms of the specific equations which have been used with the particular, 
hypothetical system 



in the preceding section. This is convenient but not essential, as will be 
apparent. According to equation [16] derived in the last section, the 
stationary state reached by these reactions proceeding under a given light 
intensity 1 is 

kx X" 

— / = . [161 

a — X 

Corresponding to any value of I in equation [16] there is a given con- 
centration of X. Thus a reduction of the intensity to 1/p by some purely 
physical means such as a diaphragm or a filter will yield 

/ 

h P 

which describes a specific value of x in equation [16] as determined by 
I/P- 

What efiFect will there be on this photochemical system when we reduce 
not the intensity, but the time during which the intensity acts, by means 
of a Mctor disc? The system is now subjected to alternating periods of 
illumination by intensity 1 and of darkness. Figure 17 will help in de- 
scribing what happens. During the light period the velocity of the 
process will follow equation [15] and the concentration x will increase; 
while during the dark period, only the “dark” reaction, whose velocity is 
given by 

dx 

= [ 20 ] 

dt 

will proceed. This is essentially a short period of dark-adaptation during 
which X will decrease. If the alternation of light and dark periods is 
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FIGURE 17 

Diagrammatic Derivation of I'albot's Law 
The upper two curves represent the course of light-adaptation and of dark- 
adaptation. Foi most animals dark-adaptation is in reality many times slower 
than light-adaptation. The two processes are made roughly alike in speed here 
purely for diagrammatic purposes, since the actual values do not enter into the 
derivation of Talbotts law as given in equations [16] to [25]. In the lower part, 
the alternation of light and dark periods is such that the light period is given by 
the small time At, the total cycle of light and park periods by and the dark 
period by {p’‘L)Af, The jagged line is constructed from the two upper curves of 
light- and dark-adaptation by drawing for each light and dark period that por- 
tion of the upper curve which corresponds to the particular value of the ordinate 
a: which the jagged line reaches at each light and dark period. The fluctuation 
in concentration, Ax, at the final period of the stationary state is to be considered 
quite small in relation to the concentration x, 

maintained, a pseudostationary state is reached in which the dark recovery 
becomes equal to the light effect, and x fluctuates equally above and below 
a mean value. W^ith rapid alternation of light and dark periods the rise 
and fall in concentration x becomes small until, when flicker disappears, 
the change in concentration of x. which we may now call Ax, becomes too 
small to be effective in producing a change in the sensation of brightness. 

Figure 17 makers the matter clear. The vertical distance is Ax and is 
to be considered as very ssmall Let the light period be At, a short inter- 
val of time, and let the dark period be (p — The total time of a 
cycle of light and dark exposures is pAi, and l/p is the fraction of the total 
exposure time occupied by the light exposure alone. During the short 
time At the velocity of the light reaction will be 

Ax 
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whereas the velocity of the daik reaction duiinj^ the short tune 
A/ will be 

Ax 

(p—i) At 


ip-l) 

[ 22 ] 


since as much recovery must take place during the dark as decomposition in 
the light. Equation [22j may be transformed into 


Ax 

= {P—l)hx- 

At 

which can now be equated to [21]. This relation is 
kil{a — x) — k^x^ :=: {p — 

which on combination of terms and solving becomes 

ki I 

^2 P rt — A- 


[231 

[24] 

[25] 


an equation identical with [19]. In other words, a rediictitm to a given 
fraction l/p in the time of action of a light by alternating it rapidly with 
periods of darkness is exactly equivalent to a reduction to the same fraction 
of the intensity of a continuously acting light This is Talbot's law. 

It is important to empluisize that specific functions are used in this 
derivation merely for simplicity and uniformity. 'J"he derivation holds 
even if the concentrations x and a — x enter with quite other exponents than 
here used. The essential thing is that the same “dark" process appears 
equally in the light and in the dark equations. Mr. William Arnold of 
Harvard University has very kindly pointed out to me that for Talbot’s 
law to hold according to these derivations it is also essential for the in- 
tensity to enter directly without any exponent. These are important 
conclusions for the photosensory process, bccamse the very fact that Talbot’s 
law holds for the human eye and for a variety of other photosensory sys- 
terns shows that these minimum essentials are characteristic properties of 
their primary photochemical processes. 

The study of the relation of fusion frequency to intensity brings out 
certain individual differences in these processes as they occur in different 
sense-cells. In the work with flicker here described the light and dark 
periods of a cycle are equal. Keeping the above terminology, this makes 
^ 2, and, writing K ^ k\/hz, we get from equation [25] the fact that 


KI x^ 

= [26] 

Z — A? 

which' represents Talbot’s law for equal sectors. 

For the critical disappearance of flicker it is supposed that AAfsrri, 
that is, that the fluctuation A» in the chemical concentration of photopro- 
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ducts is constant at a value c which is just too small to cause the physio- 
logical change corresponding to a perceptible change in the sensation of 
brightness. The critical frequency is n cycles of light and dark flashes pei 
second. Thus 71 = I /2A/. Substituting these values of of p, and 
of A/ in equation [23] and putting yJZc/k^ = c, we get 

X = c\J n [27] 


as the relation between critical frequency and mean concentration of pho- 
toproducts in the reversible photochemical system. This value of x when 
put into equation [26] of the steady state gives 


Kl n 

2c a/ c — \/ n 


[28] 


which should describe the dependence of critical frequency on intensity 
in a single homogeneous system. In equation [28] a is 100 per cent, while 
K and c are constants to be found from the data. 

This equation describes the data for rod flicker with excellent precision. 
The rod data of Verrijp’s eye, previously given in Figure 14, are fitted by 
the numerical equation 7720 / = 72/(3.08 — V^)* on my own 

eye are shown in Figure 18 where the curve through the rod function has 
the numerical value 20,600 7 = n/(2.95 — The adequacy of equa- 
tion [28] as a description of the rod measurements shows that the flicker 
function of the rods behaves as if it were controlled by the initial photo- 
chemical process in photoreception. 

To describe the flicker function of the cones we have to change the 
specific exponents in the equations. The slope of equation [28] when 
applied to the cones is too great by a factor of about 2. One way to 
correct for this is arbitrarily to attach an exponent a to the intensity L 
Equation [28] then becomes 


Kl^ n 

2c a/c — \/n 


[29] 


which may now be used to compare with the data. 

For my own eye in Figure 18, the curve through the cone portion of 
the 5" off-center data is given by 6 . 93 /^*®^ = 72/(6.08 — \//2), and for 
Verrijp^s eye the corresponding line in Figure 14 is given by = 

«/(6.33 — JFot my foveal data in Figure 18, the curve is 11.727^*®^ 
= 72 /( 6 . 93 — ^be corresponding data in Figure 14 for 
Verrijp the curve is 9,15/®*'*^ = 7t/(7.48 — ^/n). 

The use of « as an exponent for the intensity I has been entirely arbi- 
trary, and it may just as well be attached to the right side of equation [29]. 
Its value on the intensity side is very nearly 0.5, which might be taken 
to mean that the intensity enters as the square root, if it were not for 
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FIGURE 18 

CRiTicAt Frequency versus log / for S.H. 

The curves are the theoretical ones given in the text. The lower left curve is 
for rods; the other two are for the cones in the fovea and at 5“ off-center 

respectively. 

Arnold’s having pointed out that because of the validity of Talbot’s law 
the intensity must be linear. The correcting exponent must therefore be 
placed on the other side of the equation. Because a = 1/2, this is equiva- 
lent to squaring the right half of equation [28], The equation for cone 
flicker then becomes K1 = where ri! is a combined constant 

An equation which is very similar to this is A7 = ir/{d — which also 
describes cone flicker. For example, my foveal data in Figure 18 are 
fitted with fine precision by the equation 1,05/ = Simi- 

larly, the 5" off-center data for my eye are described by the equation 
0.481/ = wV(37 — This flicker equation has the advantage that a 
precisely similar one may be used to describe the intensity discrimination 
and the visual acuity of the cones (see Sections X and XI). 

5. Otlfier Aspects of Flicker. The theoretical derivation here given 
bears on two other aspects of flicker. Schaternikoff (1902) found that 
the critical frequency declines during dark-adaptation. This has been 
confirmed by Lythgoe and Tansley (1929), who further showed that 
the critical frequency also rises during light-adaptation. I shall omit a 
mathematical derivation to account for these results and merely point out 
how they follow from equations [22], [23], and [27], The first two 
equations show that during light-adaptation the concentration of photo- 
products increases and that during dark-adaptation it decreases. Since the 
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critical frequency is a function of the concentration ar, it follows that 
during light-adaptation the critical _ frequency of a given light must in- 
crease, whereas during dark-adaptation it must decrease. 

The final aspect of flicker concerns the relation of frequency to the 
relative duration of light and dark periods. Porters (1902) findings 
corroborated by Ives (1922), are that for a given intensity the critical 
frequency is a maximum when the light and dark periods are appro.xi- 
mately equal and declines as either becomes significantly longer than the 
other. I have derived an equation from those already presented, which 
gives n as a function of both p and / and which shows that as 1//.— the 
fractional duration of the light period— increases, the critical frequency « 
first increases to a maximum and then decreases. The derivation (Hecht 
and Verriip, 1933-34*) and the equation are omitted here because the 
data are not entirely unequivocal and comparisons would serve no special- 

The^mdrpXt of this section has been to show that the hypothetical 
reversible photochemical system previously suggested as forming the initial 
event in photoreception is capable of giving a first-order quantitative 
description of the relation between critical frequency and illumination for 
different retinal regions, and of Talbot’s law. Moieover, the development 
of this concept shows that the general form of most of the existing rela- 
tionships in the effects of intermittent illumination ate already apparent in 
the characteristics of the behavior of this initial photochemical event. 


IX. The Chemic.^i. Substances 


1. The Light-sensitive Substances. It w'ould be well if one could 
define more concretely the individual substances and processes which have 
been schematically presented as composing the photoreceptor system. 
Only a beginning has, however, been made in this direction. As we 
saw in Table 3, the values of g. for the relation between temperature 
and the latent period indicate that the reaction L->T is not the same in 
the three species in which this has been investigated. The organization of 
the substances is the s<ime, but the subst3.nces themselves sire undoubtedly 


This may be shown even better in the identification of the photosensi- 
tive substance S. It is well known that the absorption spectrum of a 
photosensitive substance defines in general its sensitivity toward different 
portions of the spectrum. Conversely, a study of the sensibility of an 
animal toward different parts of the spectrum furnishes a means of approM- 
mate classification of the spectral characteristics of its phot^ensitwe sub- 
stance. In recent years as the result of work by lUeb (1918), Laurens 
and Hooker (1920), Mast (1917), Crozicr ( 1923-24), and myself (1927- 
28*) there has appeared a number of measurements of the most effective 
portion of the spectrum for the stimulation of different organisms. Al- 
though for many animals this point lies in the yellow-gr«n and for many 
plants in the blue-green, there is an increasing number of organisms which 
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do not conform to this classification. The particular significance of this 
classification is due to Hess (1910), The results of some rather super- 
ficially conducted experiments with a number of animals led Hess to 
the conclusion which he vigorously proclaimed that “the curves of the 
relative stimulating values of different homogeneous (spectral) lights coin- 
cide, approximately or exactly, with the luminosity curve of the totally 
color blind human eye.** This he took to mean that these animals are 
actually color-blind, a conclusion which hardly follows. It might, how- 
ever, be taken to mean that the sensitive materials of all these different 
animals are identical. This, how^ever, is also incorrect. 

As an example one may take two animals, Mya arenaria and Pholas 
dactylusj which are both clams, and which possess a light sensitivity the 
kinetics and dynamics of which are extraordinarily alike. A study (Hecht, 
1927-28^) of their sensitivity in the spectrum shows them to be quite 
different in this respect. The experiments are made by determining the 
energy required at different points in the spectrum to elicit the same 
sensory effect on the part of the animal. The reciprocal of this energy 
is proportional to the absorption coefficient of the sensitive system at 
different parts of the spectrum. Figure 19 shows these relationships for 
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FIGURE 19 

A Comparison of the Relative Effectiveness op the Spectrum in the 
Stimulation of Two Similar Mollusks, Fholas dactylus and Mya arenaria 
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these two animals. It is apparent that the spectral sensibilities of the two 
are different, from which one may conclude that the substances S are dif- 
ferent. 

It is to be noted in Figure 19 that the sensibility of P kolas goes up in 
the blue portion of the spectrum, which indicates that the animal is piob- 
ably sensitive to the ultra-violet. Many animals, particularly insects, are 
sensitive to light from this region. Bertholf (1933) has studied this in 
the bee and in Drosophila and found the maximum sensibility for both to 
be near 360 myx, so that these animals are even more sensitive to ultra- 
violet light than to light from the visible spectrum. It is thus certain 
that Hess’s generalization is far from the truth, and that the photosensitive 
materials for different animals are widely different. 

This is merely negative evidence, since there has not been extracted 
from the sensitive areas of these animals a photosensitive substance which 
is known or identifiable spectrophotometrically as the one concerned. It 
has been possible to do precisely this in the vertebrate eye. 

2. Vhual Purple and the isihilify Function, The rods of the verte- 
brate retina contain a substance which is sensitive to light. First dis- 
covered as a pigment bv Boll (1876), who called it visual purple, it was 
later studied in much detail by Kiihne (1879), and still later by Konig 
(1894), by Kottgen and Abelsdorff (1896), by Trendelenburg (1904, 
1911), by Garten (1906, 1907), more recently by myself (1 920-2 1«^ 
1920-21Z>^ 1923-24Z>), and still more recently by Hosoya (1933). 

If visual purple is the photosensitive material (S) of the tods, then its 
absorption spectrum should be intimately related to the sensibility of the 

TABLE 6 

Relation between the VisiBirnY of the Spectrum at Low Illuminations and 
THE Absorption of Visual Purple for the Human Eye 
Data from Konig (189+). 


X in inji 

Visibility 

Absorption of 
visual purple 

430 

6.1 

— 

440 

— 

27.0 

450 

28.3 


460 


56.4 

470 

57.6 


480 

— 

81.1 

490 

89.5 


500 


lOO.O 

505 

100.0 


520 

77,0 

76.7 

535 

55.5 


540 

— 

55.4 

555 

27.7 


560 

..... 

18.6 

575 

9.0 


580 


12.3 

590 

3.0 


600 


3.1 
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eye in the spectrum. Konig (1894) first made this comparison for the 
human eye. Table 6 gives his data. In Column 1 is the wave-length; 
in Column 2 is the corresponding visibility of an equal energy spectrum 
at low illuminations, which means the reciprocal of the energy required 
to produce a minimum visible effect at different wave-lengths ; in Column 
3 is the relative absorption coefficients of one sample of human visual 
purple. For the comparison of vision with absorption the maximum 
effect in both cases has been put at 100. It is apparent that the scotopic 
visibility data agree reasonably well with the absorption data, though the 
maxima seem to differ by about 5 m/x. Later Trendelenburg (1904, 
1911) showed that the rate of bleaching of visual purple follows its 
absorption spectrum, and is also closely related to the visibility of the 
spectrum by the rods. Trendelenburg did not determine the energy dis- 
tribution in the lamp used; the results are therefore not comparable 
directly with Konig’s data. Henri and Larguier des Bancels (1911) have 
shown that if Trendelenburg’s data are corrected for energy distribution 
they roughly approximate Konig’s findings. 

A proper comparison between the visibility of light at low illuminations 
by the eye and the absorption spectrum requires an accurate knowledge of 
both. Kdttgen and Abelsdorff (1896) have made measurements of the 
absorption of visual purples extracted from a variety of animals. A sum- 
mary of their data is given in Table 7. Though these measurements 

TABLE 7 

Absorption of Visual Purple 

Data are percentages, and are taken from Kottgen and Abelsdoiff (1896). 

X in mp. Mammals Birds Amphibia Fish 


420 

1.0 

— 

— 

— 

440 

9.2 

11 6 

98 



26 6 

28.0 

27.2 

24 

480 

44.2 

45.0 

44 2 

17 2 

500 

51.0 

50.4 

50 5 

36 5 

520 

46.9 

47 1 

47.7 

46.4 

540 

33 9 

35.0 

35.1 


560 

19.2 

20.3 

20.2 

47.0 

580 

6.1 

8.2 

6.7 

35 9 

600 

3.6 

3.6 

2.8 

23.1 

620 

1.5 

3 6 

0.6 

11.1 

640 

1.0 

2.5 

0.3 

47 

660 

0.2 

— 

— 

1.6 


have been criticized by Garten (1906, 1907), I am inclined, because of 
internal evidence of consistency and method, to accept them as accurate 
descriptions of the absorption spectra of the different kinds of visual 
purples in the eyes of vertebrates. Chase and I (1933) have found that 
the differences between Garten’s results and those of Kottgen and Abels- 
dorff are due to additional substances extracted with the visual purple. 
Summer frogs furnish better extracts than winter frogs and do not show 
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certain peculiarities in bleaching which have led to the supposition that a 
substance called visual yellow forms an intermediate stage in the photo- 
chemical bleaching of visual purple. 

At the time that these measurements were made, and for many years 
after, there were no similarly adequate data for the scotopic visibility func- 
tion of the human eye. The available measurements (Konig, 1894), 
however, seemed to show that the visibility curve at low illuminations 
and the absorption spectrum of visual purple resemble each other in shape 
and in position. More precise work on the visibility curve of the spec- 
trum for the rods (Hecht and Williams, 1922-23) showed that this agree- 
ment is not quite accurate. Figure 20 shows that the visibility curve at 
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FIGURE 20 

A Comparison of the Effectiveness of the Spectrum for Vision at Low 
Illuminations with the Absorption Spectrum of Visual Purple 
The visual data are from Hecht and Williams (1922-23) whereas the absorption 
spectrum data are from Kottgen and Abelsdorif (1896). 

low illuminations is about 7 or 8 m^u. farther toward the red than is the 
absorption spectrum of visual purple, as measured in aqueous solution. 
This difference of about 7 mfx shows up even when the older data of 
Konig and of IVendelenburg are carefully examined. Moreover, the 
wprk of Chaffee and Hampson (1924) on the spectral sensitivity of the 
frog^s eye as judged by so objective a method as the electric potential 
produced shows a similar shift. They find that the maximum sensibility 
of the frog’'s eye is at 516 m/*, which is about 13 m^i farther toward the 
red than the absorption maximum for the frog’s visual purple as measured 
by Kottgen and Abcisdorff. 
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This need not, however, be taken as an invalidation of the conclusion 
that visual purple is the sensitive substance concerned in vision at low 
illumination. What the shift of 7 mju. shows is that the absorption spec- 
trum of visual purple dissolved in the rods is slightly different from that 
of visual purple dissolved in water. Such shifts of absorption spectrum 
are known to occur very often in a pigment when it is dissolved in differ- 
ent media, especially if they vary in refractive index. This property has 
been called Kundt’s rule (1878) and, though having many exceptions, 
has been shown to be in agreement with a variety of facts. In its most 
general form it states that if one colorless solvent has a decidedly greater 
refracting or dispersing capacity than a second, then the absorption bands 
of a substance dissolved in the first will be nearer the red end of the 
spectrum than when dissolved in the second. The terminal segments of 
the rods are, from all observations and descriptions, fairly dense and highly 
refractive bodies, and it is in them that the visual purple is dissolved in 
the living retina. It is therefore to be expected that its absorption spec- 
trum in the rods will be farther toward the red than in watery solution. 
The small shift of 7m/x is thus in keeping with general knowledge and does 
not detract from the conclusion that the sensitive substance S present in 
the rods is visual purple. The recent measurements of Hosoya (1933) 
seem to indicate that the maximum of visual-purple absorption is more 
nearly at 510 m/i than at 500 mix. However, our own measurements 
(Hecht and Chase, 1933) do not entirely confirm this. 

It is apparent from Table 7 that vertebrates may be divided into two 
groups so far as their visual purple is concerned. On the one hand, there 
are the mammals, the birds, and the amphibia, for which the absorption 
maximum is about 500 m/A, whereas on the other hand there are the fishes 
for which the absorption maximum is about 540 m^. Since the maximum 
visibility of the mammalian eye at low illuminations corresponds to the 
point of maximum absorption of its visual purple, it is to be expected 
that the maximum sensibility of the fish eye at low illumination should 
be near 540 mfi- Grundfest (1931-32ez) has found that this is precisely 
the case for the spectrum sensibility of the sun-fish, Lepomis, at low illu- 
minations. Moreover, just as in the human eye the visibility maximum 
at high illuminations (cf. Figure 15 in Section VIII) is shifted some 
50 m/* toward the red and comes at 555 m/A, so the high intensity visi- 
bility maximum of the fish also shifts toward the red and comes at about 
600 m/A (Grundfest, 1931-32Z>). 

From the agreement between the visibility curve and the absorption 
spectrum of visual purple, Konig first drew the conclusion, which Tren- 
delenburg also accepted as the result of his bleaching experiments, that 
in order to produce a visual sensation the incident light must be of such 
intensity that the visual purple in the rods will always absorb the same 
energy regardless of wave-length. It is in fact on the assumption that 
this type of conclusion is correct that the visibility curves of Mya and 
Pholas (Figure 19) may be interpreted as absorption spectra. It should 
however be added that this conclusion is true only as a first approximation. 
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Modern quantum theory expects a slight but significant difference in the 
energy required for the two ends of the visible spectrum. 

3. Photochemistry of Visual Purple. The photochemical properties 
which have been attributed to the substance S in the hypothetical photo- 
receptor system should be found in visual purple if the two are the same 
for the visual system of the rods. Studies in the photochemist ly of visual 
purple have shown that this is true within the errors of such measure- 
ments. Visual purple in aqueous solution of bile salts is irreversibly 
bleached by light. The velocity of its bleaching should be proportional 
to the amount of light absorbed by the solution. For solutions either of 
small ' absorption or of small concentration this is equivalent to saying 
that the velocity of bleaching is proportional to the intensity of the in- 
cident light and to the concentration of the vit^ual purple. If we rewrite 
equation [2] we get 


which when integrated gives 


dx 

dt 

II 

M 

I 

[29] 


1 a 



— log 

[30] 


t a — X 


which should describe the bleaching of visual purple. Here, as before, a 
is the initial concentration of visual purple, and x is the amount changed 
after t minutes* exposure to the intensity L Equation [30] tells us two 
things which can be verified experimentally. One is that at a constant 
light intensity the bleaching reaction follows a monomolecular course. 
The other is that the rate of the bleaching, as given by the constant kxV 
is directly proportional to the intensity of the illumination. 

The monomolecular course of the bleaching reaction is experimentally 
true (Hecht, 1 920-2 within the limits of error of the colorimetric 
method devised for this purpose. This consists of matching the color of a 
capillary tube containing about 0.1 cc. of visual purple solution against simi- 
lar capillary tubes made of standard mixtures of bleached and unbleached 
visual purple. Table 8 gives an example of an experiment of this nature. 
It will be observed that the velocity constant kj may be considered con- 
stant, especially since the measurements are single determinations only, not 
averages, and are usually read only to the nearest 5-per-cent concentra- 
tion. Experiments specially designed to show whether the bleaching re- 
action shows any after-effect or latent, induction period failed to fong 
any such factors to light. 

So far as the relation between intensity and velocity of bleaching is con- 
cerned, experiments (Hecht, 1923-24^) bear out the supposition that the 
velocity constant is directly proportional to the intensity of the incident 
light. Figure 21 gives a summary of four series of measurements made 
for the purpose of finding what this relation is. 

It will be recalled that simple photochemical reactions show almost 



758 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


TABLE 8 


Kinetics of Decomposition of Visual Purple by Light 


Time 

Concentration 

observed 

1 a 

^i/= — log 

t a-x 

Concentration 

calculated 

min. 

per cent 


per cent 

0 

100 


100 

6 

65 

0.031 

66 

12 

42 

0.031 

44 

18 

25 

0.033 

29 

24 

20 

0.029 

19 

30 

15 

0.027 

13 

36 

10 

0.028 

8 

46 

Average 

0 

0.030 
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FIGURE 21 

Relation between the Velocity Constant hi of the Bleaching Reaction 
OF Visual Purple and the Intensity of the Light 
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TeMPIiRATURE 

TABLE 9 

AND BtrACHING OF 

Visual Purple 


Temperature°C 

Series 1 

1 a 

kxl— log 

t a-x 

Series 2 

5.2 

0 039 


0,031 

20.0 

0 035 


0.031 

36.1 

0.036 


0.033 


no change in velocity at different temperatures. Table 9 gives the results 
of two series of measurements (Hecht, 1920-2 1Z») in which the photo- 
chemical bleaching of visual purple was carried on at three different tem- 
peratures. It is apparent that the velocity constant k\l is uninfluenced 
by a difference of 30"C. 

All this information renders it highly probable that so far as rod vision 
is concerned it has been possible to isolate and, to a certain extent, study 
independently the substance 5. What this substance or substances may 
be for the cones, one cannot say at present. 1 once thought (Hecht and 
Williams, 1922-23), with Weigert (1921) and with Hering, that it 
might also be visual purple in a more dilute form, and I explained the 
difference between the spectral position of the visibility curve of the cones 
and of the absorption spectrum of visual purple on the basis of Kundt’s 
rule. But I now doubt whether such an hypothesis is fruitful, and am 
more inclined to believe that the sensitive substances in the cones are not 
visual purple, though they may well be closely related to it chemically. 
In a later section of this chapter I shall deal more fully with the prob- 
lem of the number of individually different substances necessary for the 
cones. 

X. Intensity Discrimination 

1. General Considerations. The physicochemical system which I have 
suggested as a working hypothesis for the photoreceptor process applies 
to every cell in the sensitive surface. It, or a system like it, must form 
the ultimate basis on which the sensory process works. However, a sense- 
organ is not merely a group of isolated sense-cells connected with in- 
dividual nerve fibers. It is an organ, and functions as a whole. In this 
capacity it possesses certain properties which depend primarily on the 
related presence of a group of sense-cells, and only secondarily on the 
particular mechanism by means of which each sense-cell acts. These 
properties of the sense-organ as a whole may be called physiological as 
opposed to the properties discussed up to now which may be termed phy- 
sicochemical. 

In order to understand the complete nature of the receptor process it 
is necessary to include these physiological characteristics and to find how 
they are brought about and what their basis is. I shall start with a 
property which is transitional, one that partakes of both physiological and 



760 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


physicochemical attributes* This concerns the matter of intensity recogni- 
tion and discrimination. In our daily experience we constantly discrim- 
inate between bright and dim surfaces, and use this information in judging 
form and distance. Other animals evaluate intensity similarly. Intensity 
discrimination is thus a general problem. It has puzzled biologists for 
many years because of its importance in the relation between organism 
and environment, and between one part of an organism and another. 

2. The Weber-Fechner Law, One phase of it has had a fascinating 
history culminating in what is currently known as the Weber-Fechner 
law, Weber (1834) had found with the perception of weights that the 
minimum increase in weight which is just perceptible is roughly propor- 
tional to the weight already present. Calling A/ the just-perceptible in- 
crease in the intensity he believed to have found that A/// is constant. 
In a word, intensity perception is relative and not absolute. Fechner 
(1858) later supposed that this ratio corresponds to a unit increase in 
sensation AS. He then integrated the relation between AS and A/// and 
formulated the celebrated psychophysical law that the sensation produced 
by a stimulating agent is proportional to the logarithm of its intensity. 
This has been generalized to such an extent that when the physiological 
effect of a physical or chemical agent is proportional to the logarithm of 
its intensity, this relationship is referred to as the Weber-Fechner effect. 
For many years whenever the problem of intensity perception and dis- 
crimination was considered, it has been from the point of view of the 
Weber-Fechner law, and many ideas have been proposed to account for 
it in such terms. 

The Weber-Fechner law, however, belongs to that class of generaliza- 
tion which, on account of its apparent reasonableness, becomes absorbed in 
the body of scientific knowledge and is held tenaciously as general truth, 
even though it represents only an extremely circumscribed portion of 
reality. Consider the curious sequence of events which has brought it to 
its present position. Weber in 1834 described A/// as constant for 
weights; but it was in 1858 that Fechner thought he demonstrated 
its constancy for vision. It was almost immediately shown to be 
incorrect by Helmholtz (1866), who found that A//? is not constant. 
Within five years it was reinvestigated by Aubert (1865), who showed 
conclusively that A//J is not constant for vision, because it varies from 
1/3 at low intensities to 1/146 at high intensities. But the Weber- 
Fechner law had been launched on its career and continued to be 
enthusiastically advanced by Fechner and others. However, the ratio 
A/// was again investigated by Konig and Brodhun (1889) some twenty 
years later in a magnificent piece of experimental research. In this they 
showed that over a specific but very small range of intensities A//J may 
be considered constant ; but that viewed as a continuous physiological phe- 
nomenon, AZ/J decreased steadily as the intensity increased up to a certain 
point, beyond which AZ/Z increased. In Figure 22, I have brought to- 
gether Aubert^s experiments, the measurements of Konig and Brodhun, 
and the recent work of Blanchard (1918), It is apparent that though 
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FIGURE 22 

Intensity Discrimination over the Total Illumination Range Visible to the 

Eye 

Blanchard’s data are given in their original units: millilaraberts. Konig and 
Brodhun’s intensities have been divided by 250 to convert them into millilamberta. 
Similarly Aubert^s intensities have been divided by 10,000. It is apparent that 
these three groups of investigators, working many years apart and independently, 
have arrived at essentially the same results. 

made at intervals of over half a century they give practically identical 
descriptions of the phenomenon as a whole in the human eye. There are 
certain differences in detail between the data secured by the different 
investigators which I have discussed elsewhere (193U). For present 
purposes, however, the point to be emphasized is that the ratio Al/I is 
not constant for the range of intensities over which the eye functions. 
Instead, the ratio varies in a specific way. 

It is often said that Weberns law, as represented by the constancy of 
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the fraction Al/l, holds for the middle range but not at the extremes 
of high and low intensities. The flattening-out of the curve in Figure 
22 may be taken to mean this. But this depends merely on the scale 
of plotting, which becomes too small to show the details of the data for 
these fine intensity discriminations. Lowry (1931) has recently rein- 
vestigated the way A/// varies at this particular region of the curve. 
Figure 23 gives his data plotted on a much larger scale than the data in 
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FIGURE 23 

iNTENsrnr Discrimination at High Intensities as Measured by Lowry 
Each point is the average of 128 determinations. The curve is a theoretical 
one as derived in the text. 

Figure 22. In terms of these measurements there can be no doubt that 
a/// for the human eye is a continuously varying function with varying 
intensities. My own experiments (1923-24n) with the intensity discrim- 
ination of the clam Mya show A/// to have precisely the same type of 
behavior (see Figure 25). 

Recently intensity discrimination has been measured for the bee by 
Wolf (1932-33a, 1932-33i) and for the fruit-fly Drosophila by Wald 
and myself (Hecht and Wald, 1933-34), using the method of moving 
stripes developed for studying the visual acuity of bees (Hecht and Wolf, 
1928-29), The two insects give very similar results. For the bee 
A/// starts with a value of about 5 at the lowest illuminations and steadily 
to about 0.25 at the highest illuminations. The data for Dro- 
sopkila are shown in Figure 24. A/// begins at about 80 at the lowst 
mtensities and steadily decreases to nearly 1.5 at the highest illumina- 
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FIGURE 24- 

iNTENsixy Discrimination of the Fruit-Fly, Drosophila 
Note that the fraction A/// remains minimal even at the highest illuminations, 

tions. Though we specifically tested for it, we found no rise in A/// 
at the highest illuminations with Drosophila^ similarly, Wolf's data show 
no final rise for the bees. The rise at high intensities is clearly present 
with Mya and seems to be present in the human eye, as recently reported 
again by Houstoun (see Houstoun and Shearer, 1930). Work by Mr. 
Jacinto Steinhardt in our laboratory indicates that this final rise depends 
on the illumination surrounding the test-field, and on the degree of adap- 
tation to these enormously high intensities. The better the adaptation 
the less evident is the up-turn, and when adaptation is complete there 
seems to be no final up-turn for the highest intensities even for the human 
eye. 

By an inversion, therefore, the problem of intensity discrimination can 
no longer be a matter of explaining why A//J is constant, but rather why 
it varies as it does* As frequently before in this chapter, I shall begin 
an analysis of this problem with the comparatively simple system such 
as is found in the clam Mya, and proceed later to the more complex case 
of the human eye. 
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TABLE 10 

Intensity Discrimination in Mya 

j _ — M/I 

meter candles meter candles 


0.574 

2.3S 

8.57 

35.4 

73.7 

412.5 

1 , 100 . 


194.1 

338.2 

307. 

129.0 

420 

49.0 

612. 

17.3 

1,084. 

2,355. 

14.7 

5.71 

10,230. 

9.30 
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FIGURE 25 

iNTHKsmr Discrimination in Mya 
Compare this curve with the data in Figure 22 for the human eye. 
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3. Measurements with Mya, If an animal like the clam is ex- 
posed to light of intensity I, it responds by the characteristic retraction 
of its siphons at the end of a given time. If the illumination is main- 
tained, the organism comes into sensory equilibrium with the light and 
nothing further happens. Again to elicit the usual response it is neces- 
sary now to increase the intensity of the light. The amount of the in- 
crease which is necessary to produce a response in a given time varies 
with the intensity to which the animal has already been adapted. The 
relation between the two is M/I, and has been measured over a large 
range of intensities. Table 10 and Figure 25 show the relation between 
A/// and I for a response which occurs with a reaction-time of 2. 1 seconds. 
This is not a minimal reaction-time, and so the values A/// are very much 
larger than for the human eye. The relation of A/// to log I for various 
reaction-times has a constant form because in a plot made (Hecht, 1923- 
24-a) of log (A///) against log / for different reaction-times the curves 
are parallel and are merely shifted along the log (A///) axis, showing 
that for any intensity A/// for one reaction-time is equal to a factor times 
that for any other reaction -time. Measurements of A/// for the just- 
perceptible response in Mya give values of the same order of magnitude 
as that for the eye. The way in which A/// varies in Table 10 and 
Figure 25 is typical, and its analysis will therefore be generally applicable. 

Let intensity 7 shine on the animal. The hypothetical photochemical 
system S ^ will soon reach a stationary state as previously 

described in Section VII in which the concentration of photoproducts is 
xx> The equation 

A7 = [31] 

a — X\ 

will describe this state. If the illumination is now changed to 
then the stationary state 

K {I + A/) = [32] 

a — x^> 

will describe the concentrations of S, Pj and A. The photochemical effect 
produced by the addition of A7 is therefore the increase in concentration 

X2 — Xi. 

The change in intensity from I to 7+A7 constitutes a stimulus for Mya, 
The resulting response is constant regardless of the experimental values of 
7 and of A7, It is therefore very likely that the photochemical effect which 
produces the responses is constant. In other words, the change in concen- 
tration of S, that is X 2 — should be constant regardless of the curious 
way in which A7 and 7 are related to each other. Table 1 1 gives the com- 
putations for the data given in Table 10, It is apparent that the values 
X 2 — xt are reasonably constant, especially in view of the large range in 
intensities and in values of x. This means that in order for an animal like 
Mya to distinguish between an intensity 7 and a specifically discriminable 
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higher intensity /+A/^ the added intensity A/ must result in a constant in- 
crement in the amount of photochemical change in the underlying photo- 
sensory system. 

TABLE 11 


Photochemical Changes during Intensity Discrimination in Mya 


Initial 

intensity 

I 

Cone, oi P A 

Xx 

Final 
intensity 
/ -}- A/ 

Cone, of P 

Xi 

Increase 
m cone. 

Xi - Xx 

m,c. 

per cent 

m.c. 

per cent 

per cent 

0.574 

2.4 

194.7 

35.4 

33.0 

2.38 

4.8 

309.4 

42.3 

37.5 

8.57 

8.8 

428.6 

47.5 

38.7 

35.4 

17.1 

647.4 

54.3 

37.2 

73.7 

23.7 

1,158. 

64.3 

40.6 

412.5 

46.8 

2,768. 

78.0 

31.2 

1,100. 

63.4 

11,330. 

92.5 

29.1 

Average . . . 




35.3 

4. The Htunan Eye. Can 

one apply 

a similar type 

of analysis to 


intensity discrimination in the human eye? In order to do so it must 
be remembered that the eye is composed of two photosensory systems, 
the rods and the cones. As has been amply demonstrated by von Kries 
(1929), the former is functional at low illuminations while the latter 
is functional at higher illuminations. Otherwise the two systems behave 
similarly as in dark-adaptation (see Section V) and in flicker (see Sec- 
tion VIII), though in both cases they appear to act independently. We 
may then suppose that at low intensities the rods alone determine intensity 
discrimination, and that at high intensities the cones alone determine this 
function, in both instances in a manner similar to that just described for 
Mya. The transition from rod determination to cone determination 
may be quite sharp, as appears to be the case in dark-adaptation, or it 
may be gradual so that in a range of intermediate intensities the two 
systems function together. 

Computations of the data of Konig and Brodhun (Hecht, 1924-25) 
showed them to follow these ideas with surprising adequacy. However, the 
correction for variable pupil then made must be abandoned because of the 
later recognition that Konig (1897^) had used a constant pupil. More- 
over, the recent work of S^tiles and Crawford (1933) has shown what 
little visually effective difference there is between measurements made 
with and without pupil control. This is borne out by the agreement in 
Figure 22 of the measurements of Konig and Brodhun made with con- 
stant pupil, and the measurements of Aubert and of Blanchard made 
with the uncontrolled natural pupil. Furthermore, it will be recalled 
that the up-turn of the data at blinding illuminations has been recently 
questioned. Therefore, I shall not reproduce the original computations, 
but, instead, show in a different way how the data for the human eye 
follow in general what is to be expected in terms of the ideas developed 
in the last few paragraphs. 
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The general form of the stationary-state equation^ [3i] and [32] is 


{a — 

and 

K(I+A1) = 1— 

(a — X2)”^ 

in which no assumptions are made with regard to the order of the light 
and dark reactions. From these two equations one may derive a theo- 
retical value of A///. Subtract equation [33] from [34] ; this gives a 
value for K^L Divide this by the value of KI in equation [33], The 
result, after clearing, is 


[33] 

[341 



which describes A/// in terms of the general photochemical system 
adopted as a working hypothesis. 

Assume now that the transition from the stationary state induced by 
/ to that induced by J+A/ involves a constant increment — atj. The 
resulting relation between A/// and log I will then depend for its pre- 
cise form on the value of X 2 — xi, and of n and m. K merely determines 
the position of the function on the log I axis; it has no effect on its 
form. Figure 26 shows the relation between Aj// and log 1 for dif- 
ferent values of .^ 2 — xi when n=z2 and w=l as in the case of Mya. 
K is made equal to 1 for simplicity. It is apparent that the way a/// 
varies theoretically is similar to the way it varies experimentally. The 
function as a whole widens as m and n increase. 

Since the eye comprises two photosensory systems, the data of visual 
intensity discrimination should be fitted by two curves such as those 
given in Figure 26. Figure 27 shows that this supposition is correct. 
For the lower intensities involving the rods, Konig and Brodhun’'s data 
are fitted by a theoretical curve derived from equation [35] when 
^' 2 — ^^71=1.0, n=2^ and 7n=l. This makes the primary photochem- 
ical process monomolecular, and the back reaction bimolecular, and is the 
same equation used to describe rod behavior in dark-adaptation and in 
intermittent illumination. iSr=1464; and ^yrrlOO per cent, as usual. 
Similarly, for the higher intensities involving the cones, the data are 
fitted by a curve derived from equation [35] where — ^A?t=0.10, and 
m=:n=2. This makes the primary photochemical reaction bimolecular 
with only one molecule absorbing light; the back reaction also becomes 
bimolecular, which gives a stationary-state equation for the cones of the 
same form as the one describing the relation of critical frequency to the 
intensity in intermittent illumination. For reasons that are not clear 
the fit of the curve for the cones is good only when — 0.995 is used 
instead of — 1.000 in equation [35], To secure the x values from / 
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Log 1 
FIGURE 26 

Relation between A/// and log 1 as Computed from Equation [35] in Which 
2, AND ^====1, AND Using the Different Values of Given for the 

Curves 

Compare this family of curves with the data in Figures 22, 23, and 25. 

for the cones in terms of equation [33] iir=0.060, and <7=100 per cent. 

It is possible that in the intermediate region of the data, not fitted 
by either the rod or the cone curve, intensity discrimination is a func- 
tion of their combined activities. It is also quite possible that two curves 
are not enough to describe the data. These measurements of intensity 
discrimination were not made with specifically circumscribed retinal areas 
but represent rather the maximal function of the eye as a whole, in which 
the most effective region is used at a given intensity. There is consider- 
able evidence — ^too diverse to go into at the moment — to show that the 
foveal cones are significantly different from the peripheral cones, and that 
at really high illuminations the former begin to dominate the situation. 
It will be important to measure intensity discrimination, and also visual 
acuity, with specifically selected retinal areas. 
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FIGUKE 27 

Relation between A/// and log / as Found by Konig (Open Circles) and 
Brodhun (Solid Circles), and as Computed in Terms op Equation [35] for the 
Rods and for the Cones 

It is worth noting that Lowry^s measurements shown in Figure 23 
may also be described by equation [35] where Lowry^s data 

fall in the region covered by the cones alone, and only one curve is re- 
quired to fit them. To reproduce Lowry^s figures, — ^;iirx=:s0.1(), and 
— »0.9942 is used instead of — 1.0; in addition, if=0,019, and ^f=100. 
The smooth curve in Figure 23 is the theoretical calculation. The value 
of — xt is the same, and the value of K is nearly the same for Lowry 
as for Konig and Brodhun. The difference in K is probably nothing 
more than a difference in unit of intensity ; the unit for Konig and Brod- 
hun is derived by comparison with Blanchard’s data and by computation, 
whereas the unit in Lowry’s data is given directly. The data themselves 
are also slightly different; for example, the lowest value for Al/I secured 
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by Konig is 0,173 and by Brodhun is 0.156, whereas the value secured 
by Lowry is 0.137 — a distinctly snaaller fraction. 

No great emphasis is to be laid on the precise values of K or of xo — xx 
in these computations. The values of X 2 — chosen are obviously round 
numbers. The real point to be stressed is that the way in which A/// 
varies may be described on theoretical grounds in terms of two hypo- 
thetical receptor systems when x^ — xi is assumed constant for each. This 
constancy indicates that, for the photosensory systems to discriminate be- 
tween one intensity and the next perceptible one, the transition from one 
to the other must involve the decomposition of a constant amount of 
photosensitive material. We shall return to this conclusion in a moment. 

4. Relation to Other Data. There are several interesting connections 
which these data and their analysis bear to those already presented. The 
exact absolute values of K in the above computations depend, among other 
things, on the intensity units, on the spectral composition of the light 
(cf. the part on color in Section VIII), and on the values assigned to 
the total concentrations a of the sensitive materials S. However, the 
relative values of K for the rods and cones are mainly affected by the 
concentrations a, since the intensity units are the same for the two. It 
is valuable to consider the effect of varying the concentration a. For 
simplicity we have used < 7=100 per cent, but it is patent that a in real 
units of concentration is most likely different for rods and cones. At 
present K for the rods is to K for the cones approximately as 24,000 is 
to 1. It is more than likely that the concentration of sensitive material 
in the cones is less than in the rods; but even if it were 100 times as 
great, K for the cones would rise only to 6.0 and K for the rods would 
still be about 240 times as great as for the cones. In other words, K 
for the rods is at least 200 times, and may very likely be 25,000 times, 
as large as K for the cones. In the study of flicker in Section VIII we 
found that the ratio of Krod(\ to Keones for white light for the two ob- 
servers is approximately 5000 to 1, which easily falls within this range. 

It will be remembered that iC=^i/^ 2 « Thus K is the ratio of the 
velocity constants of the light and '^dark^* reactions in the primary part 
of the photochemical system. In particular, is inversely proportional 
to K; if the latter is large, the former is small. We have just learned 
that K for the rods is at least 200 times, and very likely 5000 or more 
times, as great as K for the cones; therefore k 2 for rods must be smaller 
than ^2 for the cones. The rate of dark-adaptation is a function of the 
‘Mark” reaction whose speed is determined among other things by the 
magnitude of k 2 ^ From this it follows that the cones should have a 
more rapid rate of dark-adaptation than the rods. The data on this 
point are unequivocal. As Figure 11 shows, the dark-adaptation of the 
cones is practically complete in five minutes, whereas the same process 
in the rods is not complete in thirty minutes. 

One further consideration may be added. The transition of intensity 
discrimination from rods to cones as computed in Figure 27 comes at 
an intensity which from other independent measurements, such as visual 
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acuity, is known to correspond to the transfer of function from the dim vi- 
sion of the rods to the color vision of the cones. In Figure 27 the last points 
to be covered by the theoretical rod curve correspond to 0.0073 and 
0.0190 millilamberts, the former adequately so and the latter doubtfully. 
The transition point in the visual acuity measurements of Konig (1897i5>), 
which we shall deal with in the next section, comes at an almost identical 
value of 0.007 millilamberts. There are many more correlations which 
may be shown between different aspects of vision. However, before going 
farther in this direction, we must consider the matter of intensity dis- 
crimination from the point of view with which we began this section, 
that of the sense-organ as a whole, 

6. Discontinuity of Intensity Discrimination, Historically, the idea 
behind the Weber-Fechner law was an effort to describe the nature of 
intensity recognition in terms of intensity discrimination. It obviously 
failed to accomplish this because it was based on data which do not 
describe intensity discrimination correctly. However, the failure of the 
psychophysical law is deeper than this. It omitted recognition of a funda- 
mentally significant characteristic of intensity perception, namely, its dis- 
continuity. Starting with a given intensity, there is always a definite 
increase or decrease in this intensity which must be made before it can 
be recognized with certainty as different. In terms of our physicochemical 
explanation, each of these just-percet)tible steps represents a constant in- 
crease in the quantity of photosensitive material decomposed in the visual 
cells. It is very important to consider the physiological nature and con- 
sequences of these step-like increases. 

A naive way would be to suppose that a greater concentration of decom- 
position products in the sense-cell represents a greater chemical or electri- 
cal effect on the nerve, which is then passed on to the proper centers and 
finally to an effector like a muscle or a gland. However, it has been 
known for a long time that nerve and muscle do not behave quite so simply ; 
and recently Adrian (1928) and Adrian and Zotterman (1926) have 
shown that sense-organs do not respond in this way either. The impulse 
along a single nerve fiber is constant in magnitude regardless of the size 
of the stimulus. The contraction of a single muscle fiber is of constant 
magnitude regardless of stimulus. Nerve impulses and muscle contrac- 
tions behave like quanta of energy in physics; they are either all or noth- 
ing. Just as the naive conception of intensity has disappeared in physics 
and been replaced by number, so indeed is it disappearing in biology. A 
light that is more intense than another is merely emitting more quanta 
per unit time and space than another. Can we apply a similar type of 
idea in the perception of intensity in biological systems? 

There are two ways in which such an idea may be considered, and both 
of them have been suggested. The oldest is that of Lucas (1909) and 
was proposed for muscle. Lucas found experimentally that as the stimulus 
to a muscle is increased gradually in intensity the resulting height of con- 
traction increases in a series of discrete steps, the number of which corres- 
ponds with the total number of individual muscle fibers in the muscle. In- 



772 HANDBOOK. OF GENERAL EXPERIMENTAL PSYCHOLOGY 

tensity in muscle is therefore registered by the number of elements which 
are functional. 

When it was shown (Adrian, 1913-14) that the nerve impulse is all 
or nothing as well, another idea was suggested by Forbes (Forbes and 
Gregg, 1915-16). This is that intensity is determined by the number 
of impulses which proceed over a single nerve fiber in a given time. In 
other words, the frequency of the impulses determines intensity. In fact 
the researches of Adrian (1928) have shown beyond a doubt that the 
frequency in a single nerve fiber actually does increase with the strength 
of the applied stimulus, and can determine the height of contraction in 
an attached muscle. Moreover, Hartline and Graham (1932) have 
found that in the nerve fiber from a single ommatidium of the LimuluA 
eye the frequency of impulses varies with intensity over a very large in- 
tensity range. 

Which of these two aspects of number applies to the intensity recognition 
of the photosensory system ? Is it number of unit structures, or is it num- 
ber of impulses in a single structure per unit time? One thing is certain. 
Whether we give it first place in vision or not, frequency is a factor in in- 
tensity perception. This is true, as Adrianas work has shown experiment- 
ally. The problem really is, first, whether number of structures enters 
at all as a factor ; and if it does, second, how the concept of frequency of 
impulses in a single element and the concept of number of elements work 
together to give intensity discrimination and perception. 

The position of frequency is so secure that it is worth emphasizing 
the possible function of the number of elements active as a factor in 
intensity recognition. Such an idea has long been in the air, having 
been suggested first perhaps by Brown (1913-14), later by Forbes (Forbes 
and Gregg, 1915-16), and by Lasareff (1923^). The evidence for it 
and its quantitative implications are, however, comparatively recent his- 
tory (Hecht, 1926, 1927-28^'). 

7. Jrea and Intensity Discrimination. Before presenting this evi- 
dence I wish to refer to a phenomenon which, though not directly deal- 
ing with the present problem, also indicates that intensity discrimination 
depends on the number of elements which are functional. This concerns 
the relation between intensity discrimination and the size of the visual 
field. 

Aubert (1865), who seems to have touched critically nearly every- 
thing related to vision, first showed for the fovea that intensity discrim- 
ination is better for large retinal areas than for small ones. This has 
been corroborated by a number of workers, particularly by Lasareff 
(1911) and by Heinz and Lippay (1928). Lasareff, using Konig and 
Brodhun^s method of determining intensity discrimination, found that 
for a constant intensity the ratio A/// decreases as the area of the visual 
field increases. His measurements are given in Figure 28. Heinz and 
Lippay used successive contrast instead of simultaneous juxtaposition of 
the intensities, but their results are essentially the same as those of Las- 
areff, Increasing the area of the visual field iricreases the number of 
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FIGURE 28 

Lasareff’s Data for the Relation between Intensity Discrimination and Size 

OF Visual Field 

It is to be noted that the intensity discrimination becomes constant at a field size 
of about 45 minutes of arc. 

elements concerned in the reception of the light. I'he conclusion follows 
simply that intensity discrimination at a given intensity is a function 
of the number of elements active. 

Comparing Figures 27 and 28, it is apparent that t^l /I decreases, and 
therefore intensity discrimination becomes better, as the visual field in- 
creases in intenssity and in area. It almost seems as if area and intensity 
are similar properties of vision, and it may be that both are concerned 
essentially with the number of elements which are functional. If this 
is true there should be an approximately reciprocal relation between area 
and intensity. Such a reciprocal relation cannot be exact because the 
number of elements is an approximately linear function of area whereas 
number is most likely not a linear function of intensity, but, as we shall 
presently see, is more nearly a logarithmic function. The data confirm 
these ideas. It has been shown by a number of workers, and recently 
again by Reeves (1918^) and by Pieron (I920r), that for the threshold 
of vision the larger an area is the lower need the intensity be to produce 
an effect. 

It is well to emphasize this difference between number in area and 
number in intensity; otherwise it might seem that we have already estab- 
lished the relation between intensity recognition and number of elements 
functional. An ’increase in area obviously increases the number of re- 
ceptors involved. But does an increase in the intensity of a given area 
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also increase the number of elements functional in that area? It is this 
problem with which we are concerned in considering the data of intensity 
discrimination presented by Aubert, by Konig and Brodhun, and the 
others. The variation of A/// with area encourages us to believe that 
the number of elements per unit area also varies with the intensity. But 
to render this more probable we need to consider quite a difFerent phe- 
nomenon in the eye, namely, the relation between intensity and visual 
acuity. 

XI. Visual Acuity and Illumination 

1. The Problem. It is common experience that the fineness of detail 
which we can distinguish with our eyes varies with the intensity of illu- 
mination. The nature of this dependence of visual acuity on illumination 
has been known in a roughly quantitative way for about 150 years; but 
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K^iNiG’s Data for the Relation between Visual Acuity and Illumination 
The^ original intensities have been multiplied by 0.072 to convert them into 
millilamberts. The shallow curve for the lower limb of the data is the stationary- 
state equation for the rods, while the upper steep curve is the one for the cones. 
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it was only 35 years a^o that it was most caiefully measured by Konig 
(1897Z») in such detail that his results, reproduced in Figure 29, have 
become classic. Visual acuity is defined as the reciprocal of the visual 
angle which must separate two contours in order that they may be recog- 
nized as discrete. The unit of separation is 1 minute of arc w’hich 
corresponds to a visual acuity of 1. 

The data in Figure 29 show that as log 1 increases, visual acuity in- 
creases slowly at first, then rapidly indeed, and finally at high intensities 
it becomes constant. Konig thought, and his data as well as the earlier 
ones of Uhthoff (1886) and the later ones of Roelofs and Zeeman (1919) 
show, that at these higher intensities visual acuity becomes constant fairly 
abruptly and remains so. But Lythgoe’s recent studies (1932) indicate 
that this depends on the general retinal illumination surrounding the test 
area. When the general retinal illumination is much lower than the 
measuring area, visual acuity becomes constant much sooner and more 
abruptly than when the general retinal illumination is about equal in 
intensity to that of the measuring area. As 1 have shown (Hecht and 
Wald, 1933-34), failure to recognize elementary precautions of this kind 
vitiates Wilcox’s (1932) curiously aberrant results with visual acuity. 

The variations of visual acuity with intensity is a challenging phe- 
nomenon when one tries to realize its implications. Visual acuity is, of 
course, the resolving power of the retina. The data, then, show that this 
resolving power gradually increases up to nearly 100 times its initial 
value as the illumination is increased. Now we know that the resolv- 
ing power of a surface composed of disci cte, independent, receiving ele- 
ments — like the photographic plate for example — varies with the number 
of such elements in a given area, or, to be more specific, with their dis- 
tance apart. The retina is such a surface, because it is composed of 
discrete elements, the rods and the cones. The data of visual acuity 
must therefore mean that at low illuminations there are fewer rods and 
cones present in the retina than at higher illuminations; certainly it must 
mean that the distance between the centers of the receiving elements varies 
inversely with the illumination. 

But we know that this is nonsense anatomically, because the rods and 
cones are fixed in position in the retina; they do not separate and come 
together, nor do they increase and decrease in number. We must there- 
fore assume these differences functionally. It is here that we realize that 
a sense-organ is not merely a single cell, or a collection of isolated cells. 
The rods and cones represent two large populations of similarly constructed 
cells occurring within a given organ. We can suppose that they do not 
all have identically the same threshold, but that they vary in this respect 
much as other populations do. At low illuminations a few elements will 
be functional because the intensity is above their particular threshold, 
and as the intensity increases, more and more cells will become functional 
because the intensities will correspond to the thresholds of more and more 
elements. Since the thresholds are distributed at random, the distance 
between functional elements will decrease, and visual acuity will increase. 
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2. Interpretation. How can we desciibe quantitatively the relation 
between visual acuity and illumination in terms of such an idea? The 
simplest way is to ascertain what type of population distribution of thres- 
holds it is necessary to assume in order to describe the data. We have 
seen previously that the rods and cones are two independently functional 
systems, which are to be treated separately. This is essentially the du- 
plicity theory of von Kries (1929). We may then draw two curves 
as in Figure 29 which represent the two populations in relation to their 
thresholds. The two curves are integral population curves and give the 
relative number of rods and of cones functional at different intensities 
in a given unit of the retina. 

In terms of these two population curves the situation becomes clear. 
At low illuminations a few rods are functional. They are therefoie 
far apart and visual acuity is low. As the illumination increases the 
number of functional rods increases; they are closer together, and visual 
acuity increases. At a certain intensity, the cones begin to function. The 
number of active cones increases with the intensity, and, since the late 
at which they increase is more rapid than for the rods, the functional 
cones soon become more numerous than the rods and theiefore take over 
visual acuity. As they gradually increase in the number functioning, 
visual acuity continues to increase, until a point is reached when they are 
all functional and further increase in intensity produces no increase in 
visual acuity. 

The curves in Figure 29 look like the common curves used by statis- 
ticians, and may indeed be described in the ordinary way by a Gram- 
Charlier series. Actually, however, they are stationary-state curves such 
as we have used in describing flicker in Section VIII and intensity dis- 
crimination in Section X of the present chapter. The lower curve is 
the stationary-state equation [33] w^here 7/=2 and 7n=:l, and represents 
the rod behavior as in flicker and intensity discrimination. Its numerical 
form is 41/=:(;f — 0.03 )V (0-21 — x)^ where x is the visual acuity. The 
steep curve is for the cones and is the stationary-state equation [33] when 
also as in flicker and intensity discrimination. Its numerical 
form is 2.3/=ArY( 1.78 — where x is the vhual acuity. It is ap- 
parent that the two curves, between them, give an adequate description of 
the data. In relation to the population distribution this must mean that 
the number of elements which are functional in a unit of the retina at 
a given intensity is proportional to x, that is, to the concentration of photo- 
products at the stationary state for that intensity. 

Konig’s measurements in Figure 29 were made with the natural pupil. 
In my first effort ( 1927-28<:r) to describe the data in terms of the ideas 
just given, I corrected the intensities in terms of Reeves’s data for pupil 
area. As I have already pointed out in the section on intensity discrim- 
ination, the work of Schroeder ( 1926) has rendered this sort of correc- 
tion doubtful, while the later work of Stiles and Crawford (1933) has 
shown it to be unnecessary. The data are therefore computed without 
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any pupil correction, since the visual effectiveness of the light seems to 
be practically unchanged over wide ranges of pupil size. 

Konig’s measurements, as indeed all measurements of visual acuity, 
were made with no fixed portion of the retina. As with intensity dis- 
crimination, the measurements therefore represent that portion of the 
eye which at a given intensity gives the maximum results. It may then 
be that the data of Figure 29 really represent more than two curves 
since the parafoveal cones may behave differently than the foveal cones. 
It will be of great interest to measure the relation of visual acuity to 
illumination for a specifically circumscribed retinal location. 

3. Visual Acuity of Color-Blinds^ There is one implication of this 
analysis which it is necessary to consider because of its historical and theo- 
retical interest. The data heretofore given are for the normal eye, and 
the proposed explanation obviously rests on von Kries^s (1929) theory 
of the functional separateness of rods and cones, Konig recognized this 
when he attributed the lower limb of the data in Figure 29 to the rods 
and the remainder to the cones. He also recognized the implications in- 
volved, namely, that in a completely color-blind eye the cone portion of 
the curve should disappear and leave only the lower rod limb plus any 
extensions of it. Figure 30 gives the data for two such individuals, one 
measured by Uhthoff (1886) and the other by Konig (1897/;). These 
bear out the supposition that the tw'o limbs of the normal curve follow 
von Kries’s duplicity theory. 
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FIGURE 30 

Visual Acuity of Two Completely Color-Blind Individuals 
The data of Konig {l%97h) have been multiplied by 0,072, and those of Uhthoif 
(1886) by 0.000169 to convert them into millilambcrts. In addition Uhthoff’s 
units of visual acuity have been multiplied by 0.75 to render them comparable to 
K-bnig’s. Compare this figure with Figure 2$, but note that the ordinates here 
are twice as large as in Figure 29. 
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These data are equally significant for our explanation. Figure 29 
shows that for the normal eye the cones overtake the rods at the middle 
of the rod range. This it will be recalled from Figure 27 is true also 
for intensity discrimination. It therefore follows that in a completely 
color-blind eye the visual acuity data should extend to a distance beyond 
the rod-cone intersection point equal to that which has preceded it. More- 
over, the entire visual acuity data of such a case should be described by 
only the rod curve of Figure 29. 

The lines drawn in Figure 30 are this rod curve taken from the theo- 
retical curve of Figure 29. It is apparent that both suppositions are 
correct. The data of the completely color-blind extend over twice the 
range of the rod vision of the normal. There is no rod-cone inflection 
point, and the entire data are describable in terms of the rod distribution 
curve alone. 

In the complementary case of a night-blind person the rod portion of 
the curve should be lacking, and the entire visual acuity curve should be 
describable by the cone curve alone. Such a case has not been studied 
in this way, but it is confidently expected that this will be the result. 

XII. The Visual Acuity of Insects 

1. Bees' and Frutt-Flies, The measurements just discussed have been 
made with the human eye. The ideas underlying their theoretical treat- 
ment are obviously basic in understanding the effect of intensity on the 
visual process in general. They should therefore be tested with visual 
systems constructed on quite a different plan from the vertebrate eye. 
Such an eye is the arthropod eye, which is composed of ommatidia and 
which has no lens to form an image of the kind found in the vertebrate 
eye. The insect eye, however, possesses this in common with the vertebrate 
eye : it is composed of a scries of independently functioning but related ele- 
ments. Therefore the theoretical treatment of visual acuity given for 
the human eye should be applicable to the visual acuity of the insect eye. 

The study of the vision of animals other than man demands special 
methods because of the impossibility of verbal communication between 
the animal and the investigator. The method we used was first worked 
out for the bee (Hecht and Wolf, 1928-29) and later for the fruit-fly 
(Hecht and Wald, 1933-34) and has also been used for fish (Grundfest, 
1931-32^). It is a general method and depends on the reflex response 
given by an animal to a movement of its visual surroundings. Presented 
with a visual field composed of stripes, the animal can respond to a 
movement of this pattern only when it is able to resolve the essential 
elements of the pattern. The composition of the pattern may then be 
varied to yield the desired visual function. The stripes may be varied 
in width and thus measure visual acuity; the alternating stripes may be 
varied in relative intensity and measure intensity discrimination; in spec- 
tral composition and measure wave-length sensibility and color vision. 

The results which Wolf and I (1928-29) secured with bees are shown 
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FIGURE 31 

Relation between Illumination and Visual Acuity of the Eye of the 

Honeybee 

Each measurement with each animal is represented by a dot It is apparent that 
visual acuity varies with log I very much as it does in the human eye. 

in Figure 31, which records each measurement made with 91 worker bees. 
Wolf (1932-33^) has recently confirmed these measurements with a dif- 
ferent batch of bees and with a slightly different technic. The data which 
Wald and I (1933-34) got with the fruit-fly Drosophila are shown in 
Figure 32, representing the average of 220 measurements with 32 flies. 
It is at once apparent that the visual acuity of the insect eye is related to 
the intensity of the illumination very much as is the case for the human 
eye. Similar results have been reported by Clark (1932) with the 
fiddler crab, 

2. Structural Cofnparisons. The maximum visual acuity for the hu- 
man eye is between 1.5 and 2. The bee’s maximum is 0.017. Thus, 
we can resolve the environment about one hundred times better than a 
bee. The maximum visual acuity of Drosophila is 0.0018, which is only 
about one-thousandth of our visual capacity. Our lowest visual acuity 
is about 0.03. Incredible as it may seem, the greatest capacity for the 
optical resolution of its environment of the bee and of Drosophila is 
never better than ours is at our worst. 
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FIGURE 32 

The Relation between Visual Acuitt and Intensity for Drosophila 
The function starts abruptly at — 2.1, below which the flies do not respond to 
stripes no matter how large they are. 

The maximum visual acuity of the human eye and the bee^s eye is 
associated with the size of the structural units of the receiving elements 
(Muller, 1826; Ramon y Cajal, 1895; Exner, 1891; Best, 1911). In 
man the maximum value approximates the distance between foveal cones, 
though under special conditions it seems possible to increase the maxi- 
mum performance (Hartridge, 1922; Anderson and Weymouth, 192v^). 
In the bee the minimum perceptible visual angle (0.9"*- 1.0**), as deter- 
mined in Figure 32 by the maximum visual acuity, corresponds precisely 
to the smallest angles (also 0.9**-1.0°), shown in Figure 33, which are 
subtended by the ommatidia in the central portion of the eye as measured 
anatomically by Baumgartner (1928). 

In Drosophila the average maximum visual acuity corresponds to a 
visual angle of 9.28^ Measurements of sections of the eye (Hecht and 
Wald, 1933-34) show that the minimum ommatidial angle is very nearly 
4.2**. The maximum visual acuity therefore corresponds to an angle 
which includes two ommatidia instead of one. This might indicate that 
the ommatidia of Drosophila do not function singly, but Wald and I 
(1933-34) are inclined to attribute the difference to the small total num- 
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FIGURE 33 

Vertical Section through the Bee’s Eye Showing the Angle Subtendeo by 

Each Ommatidium 

The drawing is reproduced from Baumgartner’s paper (1928) 

ber of ommatidia in the eye. To distinguish a pattern, a certain minimal 
number of elements must be stimulated* This number is apparently a 
small fraction of the total population of retinal elements in the eye of man 
or of the bee. In the fly, where the total number of elements is small, it 
represents a considerable proportion of the retinal population, and the 
group of units called into play to register a single stripe thus transcends 
the boundaries of a single line of elements. 

3* Experimental Modifications^ Baumgartner^s work as given in Fig- 
ure 33 shows that the angular separation of adjacent ommatidia in the 
bee’s eye increases from about T at the center to about V at the peri- 
phery. The middle portion of the eye thus constitutes a region of small 
angular separation in comparison with the rest of the eye — a sort of fovea. 
What should happen if this region of small angular separation were ren- 
dered functionless? Clearly the maximum visual acuity should be de- 
creased since it would have to be mediated by a region of the eye in which 
the functional elements have a greater angular separation. Moreover, in 
terms of our ideas, the whole relation between visual acuity and illumina- 
tion should become depressed in that the visual acuity at any illumination 
should be lower than normal and dependent on the area of the eye which 
has been rendered non-functional* 

The results of experiments made by Wolf and myself (1928-29) in 
which a spot of black paint was placed in the center of each eye are 
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FIGURE 34 

Relation between Visual Acum^ and Illumination for Bees with the Central. 

Part of the Eye Painted Out as Shown in the Figure 
The points are individual measurements. The broken curve is the normal re- 
lation taken from Figure 31, The full curve is made from the normal curve by 
multiplying its ordinates by 0,75. 

shown in Figure 34. The broken line is the normal visual acuity rela- 
tion; the continuous line is drawn so that its ordinates are three-fourths 
of the normal. It obviously describes the data and indicates quite clearly 
that when the total number of elements is reduced the number functional 
at any illumination is correspondingly reduced and therefore visual acuity 
is decreased. 

The matter may be tested in another way. There is undoubtedly re- 
quired a certain number of elements for the reception of the stimulus 
pattern. Since the bee’s eye is very nearly symmetrical in its two halves, 
there will be a symmetrical distribution of these functional elements on 
either side of the central vertical axis. If now one side were rendered 
functionless, this should at once reduce the number of active elements by 
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about half. To get the same number of elements as before in order to 
resolve the pattern, elements which are more widely separated would 
have to be drawn on and at once the visual acuity would be decreased. 
The results with bees in which the anterior half of each eye was painted 
out are given in Figure 35 in which the broken line is the normal curve. 



^*0 0.0 KO 2.0 


Lo^ I ^ 

FIGURE 35 

Relation between Visual Acuity and Illumination for Bees with the 
Anterior Half of the Eyes Painted Out 
The points are individual measurements. The broken curve is the normal curve 
or Figure 31. The full curve is constructed from the normal by multiplying its 

ordinates by 0.62. 


while the full line through the data is this normal curve with its ordinates 
multiiHied by 0.62. It is therefore apparent from all these measurements 
reduction of the total number of available elements in the eye 
of the bee reduces the visual acuity of which it is capable. 

XIIL Intensity, Number, anp Frequency 

1. Visual Acuity and Number, There are now four animals whose 
visual acuity has been studied at different intensities: man, the bee, the 
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fruit-fly, and the fiddler crab (Clark. 1932). In each case visual acuity 
is low at low intensities and increases with log / in a characteristically 
sigmoid manner. The only quantitative interpretation at present avail- 
able for this behavior was suggested in 1926 pd has been outlined 
in the preceding two sections. It depends on the assumption that the 
thresholds of the elements in the retinal population vary much as any 
other characteristic of a population. A direct relation between the con- 
centration of photoproducts in the stationary state and the number of ele- 
ments active seems indicated and may serve as a basis for the form of 
the distribution curves necessary to describe visual acuity. 

Previous efforts to explain the facts of visual acuity have relied on 
pigment migration (Broca, 1901), which does not exist in the human 
eye; and on diffusion circles whose intensity differences the eye is sup- 
posed to perceive absolutely (Best, 1930), whereas we know it can do 
so only relatively. Recently an explanation has even been offered (Wil- 
cox, 1932) which describes the visual acuity variation in terms of “irra- 
diation,” forgetting that “irradiation” is itself in need of explanation in 
the fundamental terms of retinal structure and function. I have discussed 
these ideas elsewhere (Hecht and Wald, 1933-34), and, because of their 
essentially unquantitative character, shall not deal with them here. 

In stating the idea of a population distribution, I have not defined the 
retinal unit in which the number of active elements varies. The simplest 
notion is naturally a unit of area, from which one would conclude that 
visual acuity is proportional to the square root of the number functional 
per area. I have never suggested this relation because the equations which 
describe intensity discrimination — ^which is quite obviously an area func- 
tion — also describe visual acuity. However, Houstoun (Houstoun and 
Shearer, 1930), who has adopted our explanation of visual acuity, has in 
addition made the square-root a.ssumption. Unfortunately, even the new 
data which he presents persist in not agreeing with this supposition. It 
is not unlikely that visual acuity measurements in the human eye may 
record more than the linear distance between functional elements, though 
for a long and narrow organ like the bee’s eye the linear supposition would 
probably be correct. 

The idea as a whole, namely, that the variation of visual acuity with 
illumination depends on the number of elements functional at the different 
illuminations, has naturally been subject to criticism. Freeman (1930) 
has argued that since visual acuity may be varied by factors other than 
intensity, its variation with intensity cannot depend only on the number 
of elements functional. Wilcox and Purdy’s criticism (1933) is an elab- 
orate form of this standpoint. It is hard to see its force since the idea 
of how visual acuity varies with intensity is quite independent of the 
particular mechanism which controls the magnitude of visual acuity at 
a given intensity. No matter what that mechanism may be, nor how 
complex or simple it may be, it must rest on the fact that the ultimate 
resolving surface is composed of units which are independent functionally. 
The variation of visual acuity with intensity then follows very obviously 
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in terms of the probable distribution of thre&holds. Best’s (1930) worry, 
that the necessary range of distribution of thresholds is large, disappears 
when we realize that about 90 per cent of the variation occurs for the 
human eye in less than 2 log units each for the rods and cones, and in 
the bee and fruit-fly in an even smaller range. . 

Differing from these criticisms are those of Wilcox (1932), who 
found that under certain conditions visual acuity does not rise steadily 
with log Ij as measured by Konig and everyone before and since, but 
actually becomes worse at high illuminations. However, as Wald and 
I (1933-34) have shown, Wilcox measured something quite different than 
he thought, namely, a glare phenomenon, and his data are not relevant. 
When Wilcox measured visual acuity properly, his data are in agreement 
with the classic data and are obviously open to the same explanation. 

2. Visual Acuity and Intensity Discrimination. The relation of all 
this study of visual acuity to the problem of intensity perception and dis- 
crimination is by now almost obvious. Toward the end of Section X, 
we were concerned with the possibility that the number of elements active 
in a unit of retina is connected with the intensity prevailing on the retina, 
and that in some way this number is concerned with intensity recognition. 
Now as a result of the work on visual acuity this possibility is no longer 
remote. Differences in intensity do seem associated with differences in 
the number of elements which are functional in the retina. It is there- 
fore reasonable to inquire in what way intensity discrimination is related 
to the number of elements functional, and particularly in what way in- 
tensity discrimination and visual acuity are related to each other. 

Wald and I (1933-34) have shown for Drosophila that these two 
visual functions begin and end at about the same intensities and require 
about 2 log units to cover their greatest changes. The same is true for 
the bee, as a comparison of our data on visual acuity (Hecht and Wolf, 
1928-29) with those of Wolf (1932-33^?) on intensity discrimination 
clearly shows. For the human eye the same is true, though the range 
covered by the two functions is much wider, being about 8 log units for 
both. Moreover, for each animal the two functions are poor at low 
intensities and improve steadily as the intensity rises. For the bee and 
the fruit-fly the improvement is continuous for both functions. But even 
in the human eye where intensity discrimination falls off somewhat at 
the highest intensities, it is still so much better than at low intensities 
that the decrease may for the moment be neglected. 

The similar behavior of intensity discrimination and visual acuity holds 
from species to species. The minimum value of Ll/1 for Drosophila is 
1.5; for the bee it is 0.25 (Wolf, 1932-33<?) ; and for man the minimum 
recorded is 0.006 (Helmholtz, 1866; Aubert, 1865). Making the ob- 
vious but arbitrary assumption that the reciprocal of the minimum Ll/I 
is a measure of maximum intensity discrimination, and putting JDro- 
sophiWs value at 1, the ratios Drosophila/het/mm are 1/60/249 for 
maximum intensity discrimination, and 1/9,4/1110 for maximum visual 
acuity. A rough parallelism is apparent in these functions. Possibly some 
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Other, more theoretically defensible measure of maximum intensity discrim- 
ination might show a better parallelism to maximum visual acuity. But it 
is clear that the order of magnitude of the visual acuity of a species 
carries with it a similar order of magnitude in its intensity discrimination. 
We have seen before how the magnitude of visual acuity is determined 
by the size of the resolving unit in the receptor mosaic. It would there- 
fore seem quite reasonable that intensity discrimination depends on this 
factor also. 

The anatomical evidence certainly does not contradict this conclusion, 
and distinctly favors it. On the basis of the intensity-discrimination data 
in Figure 22, Konig (1895) found that it is po.ssible to recognize 572 
discrete steps in intensity over the complete range visible to the eye. To 
judge by our analysis of these data, the first 30 of these steps are mediated 
by the rods; the remainder, 542, by the cones. If the recognition of a 
minimal intensity difference A/ represents a change from n to tz+I or 
n — 1 in the number of cones functional, then there must be at least 542 
cones in the fovea which are concerned in the process. Obviously, a 
just-perceptible increment in / may involve more than 1 element, and the 
change may be from n to It cannot be less than 1. The 

area used by Konig and Brodhun for the measurements covered a retinal 
area 6“ x 4.3'’, which, of course, contains many times 572 elements. But 
even when the measuring area is decreased until A/// begins to be affected 
the number of elements is still more than adequate for the number of 
steps. Lasareff’s work, shown in Figure 28, indicates that A/// begins 
to be affected by area when the area possesses a diameter of less than 
about 45 minutes. This is approximately the same distance as that rep- 
resented by the worst visual acuity and corresponds to 0.2 mm. on the 
retina. A square area with this as a side is 0.04 square millimeters. 
Creed and Ruch (1932) have recently estimated from sections of the 
retina that there are about 120,000 cones per square millimeter of fovea. 
This gives an area of 0.04 sq, mm. about 5000 cones, which is enough 
even if it is assumed that a minimal increment in intensity requires the 
addition of 9 or 10 freshly active elements instead of merely 1. 

It is perhaps relevant to point out again that the data of visual acuity 
in Figure 29 and the data of intensity discrimination in Figure 27 are 
described by the same station ary-state equations such as are given in 
equation [33 j. In both cases the rod data arc fitted when n:^2 and 
r«=zl, and the cone data when 7i=m=2. Moreover, the point of 
transition from rods to cones comes at the same intensity. I'he same 
photochemical mechanism therefore seems to underlie both visual proper- 
ties; and, if in the case of visual acuity concentration determines the 
number of elements functional, it very likely does so also for intensity 
discrimination. Intensity discrimination is then to be considered a differ- 
ential function, and visual acuity an integral function. 

Whereas this is straightforward for the human eye, it is not quite so 
for the bee’s eye or for Drosophila. The essential difficulty concerns the 
steady decrease of A/// for these animals even at the very highest illu- 
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minations. It would take us too far afield to discuss this here, and the 
reader is referred to a recent paper by Wald and myself (1933-34) for 
this purpose. 

3. The Role of Frequency, I have purposely presented as strong a 
case as possible for the relation of intensity discrimination and recognition 
to the number of elements functional in the visual mosaic. The case 
for the relation of these functions to the frequency of impulses which 
pass up a nerve fiber from the sense-cells has been ably worked out by 
Adrian (1928) and others and is so generally acceptable as to need no 
arguing. Can these two concepts work together? 

I have emphasized the fact that intensity recognition is discontinuous. 
With this discontinuity is, however, associated a curious property. Let 
us place intensity / on one side of a photometric field, and the next just- 
perceptible intensity /-f-A/ on the other side of the field. According to 
the number idea, / corresponds to n cones per unit of retina and A/4"^ 
to where a is the minimal number of elements required for the 

recognition of this difference in brightness. If now we put an intensity 
midway between these two, say at /4-A//2, on one side of the field, we 
know that the next perceptibly different intensity will be very nearly 
/4-A//2+A/. In other words, though intensity discrimination is dis- 
continuous, there are no critical points in intensity recognition. 

It is possible that right here lies the place of frequency in the photo- 
receptor process. Consider a sensory cell under continuous illumination. 
Light energy enters at the receiving end. It is transformed in the body 
of the cell into photolytic products, which by their proper reactions result 
in an impulse coming out of the end connected with a nerve fiber. The 
amount of photochemical change required for the cell to discharge an 
impulse varies with the threshold of the cell. Since the illumination is 
continuous, there will be a continuous absorption of energy which will 
release a continuous series of impulses at a rate proportional directly to 
the incident intensity times the concentration of sensitive absorbing sub- 
stance, and inversely to the discharge threshold of the particular cell. As 
the intensity of the light is increased, the frequency of this discharge will 
increase steadily. Presently the threshold of the next most sensitive cell 
will be reached, and it will begin to function at a given frequency, which 
will also increase with intensity. Since we found intensity discrimina- 
tion to correspond to a definite increase in photochemical products, it may 
represent the bringing-in of an additional element or of a group of ele- 
ments which are functioning at the same frequency as the group which 
has been determining the last brightness step. 

This means that intensity discrimination depends on a definite increase 
in the total frequency of discharge of a series of related retinal elements, 
the increase being produced by the addition of new functional elements. 
In this way there may be brought together under one general set of 
ideas not only visual acuity, intensity discrimination, and the paradoxical 
discontinuity of intensity recognition without the presence of critical in- 
tensities but the all-or-nothing law, the known increase in frequency of 
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sensory impulses with intensity, and the relation between number of 
elements functional and the activity of an organ like the eye or a muscle. 
It is possible that the varying certainty with which we recognize inten- 
sities that differ by less than the A/ required for complete certainty may 
also be related to the factor of frequency of discharge. 

XIV. The Problem of Color Vision 

1, Trichrotnatic Color Mixture. Light varies physically in two ways 
— in intensity and in frequency. The former factor we recognize as 
brightness; the latter as color. We have just finished a study of bright- 
ness perception and some of its related phenomena. Though far from 
complete, this study has shown that a preliminary synthesis of the data 
is possible, and it is hoped that the main characteristics of the underlying 
photosensory process have been laid down as first approximations at least. 

I wish that it were possible to do the same for color vision. There 
are many well-established facts of color vision, some of which, as we shall 
see, have been measured with considerable accuracy. But there is no 
theoretical structure which has adequately accounted for these diverse 
facts. A beginning has however been made (Hecht, 1931Z>), And my 
purpose in the following pages is to present the data and to show how 
they may be related to and perhaps derived from certain tentative ideas 
underlying a mechanism of color reception. 

Color vision may be defined as the capacity of the eye to divide the 
spectrum into a series of regions which produce qualitatively different 
sensory effects. This capacity is possessed by the human eye; by the 
eyes of some insects such as bees as indicated by the work of von Frisch 
(1915); and by the eyes of some fish as shown by Mast (1914) and 
others. The normal human eye can separate the visible spectrum with 
complete certainty into about 180 patches which at moderate brightness 
cannot be made to look like one another merely by adjusting their in- 
tensity differences. 

The classical researches of workers from Newton (1794) to the present 
have shown that the specific sensations produced by these 180 patches, 
in fact> the specific senssations produced by all the known hues including 
those outside the spectrum, can be duplicated by, and therefore dcsscribed 
in terms of, the mixture in proper proportions of three monochromatic 
parts of the spectrum. These three portions of the spectrum are called 
primaries. They may be quite arbitrarily assumed between certain limits 
and are adequate as a formal and precise description of the capacity of 
the eye to distinguish qualitatively as color the quantitative differences 
in the frequency of the light presented to it. 

Quantitative measurements on the gauging of the spectrum in terms 
ol three primaries begin with the work of Konig and Dieterici (1892) ; 
the measurements before them, including those of Maxwell (1890), were 
extensive enough to serve as a complete description, Konig and Die- 
in a research that has since become classic, first mapped out in 
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detail for their own eyes and for a number of color-blinds the precise 
proportions of certain primaries which are required to duplicate the color 
effects produced by the visible spectrum. This work was later repeated 
by Abney (1913) in a slightly different way. Neither Konig and Die- 
terici nor Abney actually measured the whole spectrum in terms of three 
real, monochromatic primaries. What they did was to make a number 
of matches composed of several different sets of primaries; then by writing 



FIGURE 36 

The Data of Color Mixture in Terms or Three Real, Monochromatic 

Primaries 

The lower curves are taken from Wright (1928-29), and represent the 
findings of ten observers. The two upper sets of curves are those computed by 
Wright (1928-29) from the data of Abney (1913) and of Kibnig and Dieterici 

(1892). 
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these as color equations they combined them in different ways until all 
but three were eliminated. 

Very recently the problem has been completely reinvestigated by Wright 
(1928-29), and still more recently by Guild (1931), who, starting with 
a different idea, used a totally different method. For example, Wright’s 
work consisted of the actual comparison of the spectrum colors with real 
mixtures of three definite, monochromatic parts of the spectrum. The 
primaries he used were 460 m/x, 530 m/x, and 650 m/x, and the aver- 
age results he secured with 10 investigators are reproduced in graphic 
form in Figure 36. The abscissas are wave-lengths, while the ordinates 
are the relative amounts in percentage of the three primaries required to 
match the particular portion of the spectrum. The units of measure- 
ment are so arranged that at 582.5 ni/x the red and green primaries are 
arbitrarily made equal; and at 494.0 mjtx the blue and green primaries 
are arbitrarily made equal. 

Wright (1928-29) has recomputed Konig’s and Abney’s data in terms 
of his primaries. I have included the results in Figure 36. It is ap- 
parent that though made many years apart with different apparatus and 
different methods the results of all these investigators are essentially the 
same. As Guild (1931) has shown, his measurements are an almost 
perfect corroboration of Wright’s work. In these data we have in quan- 
titative form a most fundamental fact about the sensory reception of 
color sensations, namely, its tridimensional character. 

3. Young's Idea, Such a basic fact should obviously be utilized and 
incorporated into any mechanism proposed as a basis for color vision. 
This indeed was done about 130 years ago by Thomas Young (1807). 
Young supposed that there are three kinds of “fibers” in the retina each 
producing a characteristic sensation, one of red, another of green, and 
a third of blue (violet). Each type of fiber is sensitive practically to 
the entire visible spectrum, but the first possesses a maximum of sensi- 
bility in the red, the second in the green, and the third in the blue. The 
various color sensations then result from the relative strengths with which 
the three different fibers are stimulated by the objective light. This idea 
of Young’s was unnoticed for fifty years. It was brought to light by 
Maxwell (1890) and by Helmholtz (1866, 1881), Expressed in modern 
terms the three “fibers” of Young are to be considered as three species of 
cones. Each type of cone contains its own particular photosensitive sub- 
stance and is connected with an optic-nerve fiber, stimulation of which 
produces the color sensation corresponding to it. As pointed out by 
Helmholtz (1896) and by Konig (1903<2), Young’s suggestion thus really 
rests on an idea later developed more generally by Johannes Muller 
(1840) as the doctrine of the specific energies of nerves to which I have 
referred in detail in Section L 

Few physiologists today suppose that Young’s idea as here given in its 
simple form or as elaborated by Helmholtz (1866, 1896, 1909-11), 
K5nig (1903^), von Kries (1905), and others is adequate as a complete 
theory for the mechanism of color vision. We know very definitely that 
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it is not. The question, however, has often been raised as to whether 
it can serve even as the basis for a theory of color vision. This question 
was raised by Aubert (1865) and by Hermg (see Hering, 1920) almost 
immediately after Maxwell and Helmholtz first brought Young’s idea to 
light. 

Aubert (1865), Hering (1920), Ladd-Franklin (1929), and many 
others considered the problem of color theory from a totally different 
point of view than did Young. Instead of relying on the objective facts 
of color mixtures which state that the light from three variable primaries 
when superimposed on the retina are enough to elicit all the various 
color sensations, these investigators started from their own sensations of 
color. Perhaps the simplest way of indicating their point of view is to 
consider the sensations of yellow and white. Mixtures of green and blue 
give a continuous series of colors, the blue-greens, in which both colors 
are easily identifiable. The same is true with mixtures of red and blue 
lights; these give a series of violets and purples in which one can see the 
two components. But in mixtures of red and green, a new sensation, 
yellow, arises which contains neither red nor green. Yellow seems to 
be something by itself. It is definitely not red plus green; and we recog- 
nize this by saying that a color is greenish 5 ^ellow or reddish yellow, not 
greenish red or reddish green. The same is true for mixtures of yellow 
and blue or of green, red, and blue which give white, a totally new 
sensation. 

If Young’s idea is correct, then it must be supposed that yellow is a 
central phenomenon occurring in the brain when in the retina the red 
and green receptors function simultaneously; similarly, white is the sen- 
sation which occurs in the brain when all three receptor elements — the 
red, the green, and the blue — function in the retina. It is precisely 
against such a formulation that Aubert, Ladd-Franklin, and others, but 
particularly Hering, ranged themselves. And as a result first Aubert, 
then Hering, and later Ladd-Franklin and many others devised theories 
which take into consideration the curious uniqueness of the yellow and 
the white sensations. In particular, it is with Hering’s name that a theory 
in direct opposition to Young’s idea has been identified. 

One must not minimize the difference between these two positions. 
It would perhaps be difficult to do so because the work in color vision 
of the last fifty years of the nineteenth century had its origins mainly in 
the antagonism between those who, like Helmholtz, Konig, von Krics, 
Abney, and others, accepted and amplified Young’s original formulation 
and those who, like Hering and his associates, held opposing views. 
Nevertheless, it is important to remember that these two sets of views 
are not necessarily antagonistic when, as suggested by von Kries (1905), 
they are considered as partial descriptions of different parts of the process 
of color vision as a whole. It is only when they are concerned with a 
formulation of the receptor process in the retina that the two views are 
in sharp contrast. And here their differences demand an experimental 
test. 
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If there is to be developed an adequate theory for the mechanism of 
color vision, a decision must be made in the very beginning as to which 
of the two conceptions of yellow and white is correct. Are there special 
substances or processes in the retina for the reception of yellow and white 
or are yellow and white phenomena which arise in the brain out of the 
impulses coming from the three kinds of fibers or processes in the retina? 
Is a three-receptor notion adequate or do we need to have a four- or 
perhaps a five-receptor system to account for color vision?^ Since the data 
of color mixing may be adequately described on a three-dimensional basis, 
they can be described on a four-dimensional basis as well — a fact which 
recently has been frequently pointed out (Schrodinger, 1925), but which 
Hering himself recognized. The problem is therefore essentially a phy- 
siological one, and not a mathematical one. 

4. Binocular Fusion of Colors, If red light and green light fall on 
a given retinal area of one eye and a yellow sensation results, it is not 
possible to decide whether this is the result of a stimulation of two re- 
ceptors or of one receptor. But if monochromatic red light falls on the 
retina of one eye, and monochromatic green light falls on the correspond- 
ing portion of the retina of the other eye, and the result is a yellow 
sensation, then only Young’s idea is tenable, because there must be two 
receptors involved in making the yellow sensation from red and green. 
This is precisely what happens in the binocular mixing of colors. 

The binocular mixing of colors is an old story. Curiously enough, 
Helmholtz (1909-11) was never able to fuse colors binocularly, and the 
weight of his authority prevented the binocular fusion of colors from a 
proper acceptance. Nevertheless, Hering (1879) and a number of other 
investigators (Dobrowolsky, 1876) showed precisely what was wrong 
with Helmholtz’ experiments and arranged apparatus to overcome it. 
Largely as a result of the work of Trendelenburg (1923) and recently 
of Rochat (1925), there is no doubt any longer that the binocular fusion 
of even monochromatic colors takes place and that one can get by this 
method regular quantitative color-mixing equations resembling in most 
respects those secured monocularly as given in Figure 36. Red and green 
binocularly give a yellow sensation, and several pairs of monochromatic 
complementaries give white. I (1928) have described a very simple 
method of demonstrating binocular fusion of colors which renders it im- 
possible for anyone to doubt its existence, and which can be adopted as a 
routine class experiment. 

It must be obvious that if one can produce a white sensation by putting 
monochromatic yellow in one eye and monochromatic blue in the other 
there is no use in talking of a special receptor for white. White and 
yellow are sensations which are produced in the brain out of the impulses 
come in from the three receptors in the retina. We may therefore 
cc^dude that the uniqueness of yellow and white as sensations is no 
o)^s|3ide to adopting Thomas Young’s three-receptor idea as a basis on 
.wjeh to buHd a theory for the receptor mechanism of color vision. This 
hot meati that the ideas which prompted Aubert, Hering, and the 
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Others are not applicable to some other p(*rtion of the complicated series 
of events involved in color vision, indeed, they must be included if a 
mechanism is to be described which furnishes the sensations which light 
produces. That, however, is beside our present point. For the retinal 
process alone a three-receptor idea is adequate. 

5. The Scmltive Suhssiances. Having adopted the tiotion of three 
receptoi elements as a basis for color vision, we are obliged to consider 
the further specification of the nature of these three receptors. If we 
treat them as three different kinds of cones, then a great deal is already 
known about their general cliaracteristics, first from their physicochemical 
aspects and second from their physiological aspects as related to intensity. 
The one additional, nezo thine; zvhtch has to be described and specified is 
their sensibility to different parts of the spectrum. This, therefore, is 
the central problem in the theoretical treatment of color vision. 

The ideal procedure, as has been done with the visual purple of the 
rods, would be to extiact the three different photosensitive substances S, 
and to measuie their respective absorption spectra. Unfortunately, it has 
not been possible to extract any kind of photosensitive material from the 
retinas of animals which possess only cones. Photosensitive substances 
there must be, because sf^mething must absorb the light and be changed 
by it. Therefoie these substances are probably present in the cones in 
much greater dilutions than visual purple is present in the rods. This 
is in keeping with the higher thresholds of the cones as compared with 
the rods, since to produce a given photochemical effect the intensity re- 
quired varies inversely with the concentration of the sensitive substance, 
Hcring (1920) first suggested that the photosensitive substance in the 
cones may be a dilute solution of visual purple, a suggestion that has been 
adopted and developed by Weigert (1929), I myself (see Hecht and 
Williams, 1922-23) considered this hypothesis once, and explained the 
difference of about 50 m/x in the position of the maximum between the 
absorption spectrum of visual purple and the effectiveness of the spectrum 
for the cones as due to the Kundt effect. Weigert and Nakashima 
(1929//, 1929A) have shown that visual purple and other photosensitive 
substances in dilute suspension in solid thin layers exhibit extraordinary 
properties when exposed to light of different wave-lengths and have sug- 
gested certain analogies with various phenomena of color vision* I doubt 
whether progress lies in this direction* As we shall $ee, the phenomena 
of color vision are much too well defined quantitatively for them to be 
explained in terms of rough analogies. This docs not mean that the 
photosensitive substances in the three different cones may not be closely 
related to visual purple; it would be surprising if they were not. It 
does mean that with things as they arc, if we are to make progress in 
the spectral characterisation of the three photosensitive substances, we 
had best study the quantitative properties of color vision itself* 



794 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


XV. The Data of Color Vision 

1. Brightness of the Spectrum. It is common observation that the 
spectrum varies in brightness in its different portions. At low illumina- 
tions these differences in brightness depend on the absorption spectrum 
of the visual purple in the rods (see Section IX). At high illuminations 
the visibility curve is surprisingly similar to the one at low illuminations 
except that it is somewhat wider, and its maximum is about 50 mfx farther 
toward the red, at 555 m/A (see Figure 15 in Section VIII). At high 
illuminations the visibility curve is determined by the cones, and presum- 
ably represents the average absorption spectrum of the sensitive materials 
in the cones. 

The visibility curve is found by measuring the relative energy at dif- 
ferent wave-lengths required to produce a given brightness sensation. The 
reciprocal of the energy so secured is the corresponding relative luminosity 
or brightness. The best of the earlier measurements of this function are 
by Konig (1903Z>), who made a direct photometric comparison of differ- 
ent parts of the spectrum with one portion of it. Since then, various 
methods have been devised to avoid the difficulties of such direct hetero- 
chromic comparisons, and measurements have been made with many ob- 
servers by Hyde, Forsythe, and Cady (1918), by Nutting (1920), by 
Ives (1912^), and by Coblentz and Emerson (1918). Other investi- 



riGlXRE 37 

Visibility of the Spectrum 

The continuous line represents the average data of Gibson and Tyndall com- 
puted so as to refer to Abbot-Priest sunlight The light, dashed lines indicate the 
range within which fall the measurements of the completely studied, normal 
observers in this investigation. The dotted line represents the sum of the cone 
primaries T*, Go, and Ro. 
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gators (Tschermak, 1929), using few observers, secured essentially the 
same results. Probably the most adequate data are by Gibson and Tyn- 
dall (1923) shown in Figure 37. The broken lines indicate the range 
of variation encountered in dealing with over thirty observers possessing 
completely normal color vision, while the full line gives the average, cor- 
rected visibility data referring to the spectrum of a specially defined white 
light known as Abbot-Priest sunlight (Priest, 1918). Thus we know 
not only the general form of the visibility function for color vision but 
the average condition and the range of variation to be encountered. 

2. Color Mixture, The data of color mixture are usually considered 
as the most significant, quantitative information about color vision. The 
measurements themselves have already been presented in Figure 36. His- 
torically, the data of color mixture have not been given in this way but 
have become involved with three other considerations. The first of these 
considerations deals with the presence of negative values in Figure 36; 
the second concerns the brightness of the spectrum as shown in Figure 37 ; 
and the third involves the relative brightness of the three primaries. 

There is nothing compelling or significant either about the primaries 
or the units chosen by Wright and used in Figure 36. Their choice 
depends on experimental convenience. Once the measurements have been 
made, they may be referred to any other set of primaries, and the process 
of doing so involves neither physiology nor physics but merely arithmetic. 
The curves shown in Figure 36 say that the color sensation produced 
by light of any wave-length may be duplicated by a mixture of lights 
represented by 3 numbers attached, one each, to the three primaries. For 
example the color of 550 m/* is represented by 

100(a550) = 15.1 (a650) + 87.7 (a530) — 2.8(A460) [36] 

in terms of Wright’s primaries. Equation [36] may be treated like any 
other mathematical equation and solved for the (a 530) primary. Thus, 
by transposing and solving, we get from it that 

100(a 530) = — 17.2(A650) -f 114.0 (a550) + 3.2(A460) [37] 

which gives us the value of Wright’s green primary in terms of his red 
primary, of his blue primary, and of A550. The right-hand side of equa- 
tion [37] may now be substituted for Wright’s green primary in any 
equation for a given color taken from Figure 36. The result will be a 
description of that color in terms of Wright’s red and blue primaries 
and a new green primary (A550). The measurements are still the same 
as before; only their form will be changed to one which may be more 
or less convenient. What has been done for the green primary may be 
done for the other two primaries as well, and as the result of an arith- 
metical computation the same measurements as before may be referred 
to a totally new set of monochromatic primaries. 

It is not necessary for the primaries to be monochromatic. They may 
be composite colors which are not in the spectrum. The process of 
describing the spectrum in terms of them remains the same. In fact, 
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the primaries need not even be real colors; they may be purely imaginary 
ones having no existence in or out of the spectrum. It will be seen in 
Figure 36 that in terms of Wright’s three, real, rnonochromatic primaries 
many of the spectral hues require negative coefficients for the primaries. 
Such negative values occur always when the spectrum is described in 
terms of real, existing primaries. However, a set of hypothetical, imag- 
inary primaries can easily be invented arithmetically, in terms of which 
dl existing colors yield only positive coefficients. Historically, the fipt 
complete description of the spectrum (Konig and Dieterici, 1892) in- 
volved just such imaginary primaries. Since then, many sets of imaginary 
primaries have been used by different people (Judd, 1930; Wright, 1929- 
30) for different purposes. These arithmetical transformations are the 
first modifications of which color mixture data are capable. Others 
follow. 

3. Excitation Curves and Grundempfindungen, The data of color 
mixture given in Figure 36 are independent of luminosity. However, 
each observer can give a set of color-mixture curves like those in Figure 
36 and a spectrum-luminosity curve like that in Figure 37. Then by 
recording not merely the relative amounts of the primaries in arbitrary 
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FIGURE 3S 

Color Mixture m the Spectrum of a Standaro White Light 
The curves give the actual values of the spectrum in terms of the luminosities of 
the same three real, monochfomatic primaries shown in Figure 36 and used by 
Wright These curves are thus a combination of Figure $6 with Figure 37. 
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units required to match the different parts of the spectrum, but the 
actual amounts in real brightness units, the curves in Figure 36 can be- 
come modified to include the luminosity curve of Figure 37. Figure 38 
shows what happens under these circumstances, and brings out a very 
important thing. In real units of brightness the composition of the spec- 
trum is dominated by the green primary; the red primary contributes 
about a third as much as the green; and the blue contribution is almost 
negligible, being about 4 per cent of the green. This is apparent from 
the areas under the curves of the three primaries. 

Because of this disparity in areas, still a third modification in the data 
of color mixture has been made. Taking each primary curve in Figure 
38 separately, we can keep its form constant, but we can multiply each 
curve by a different factor so as to make the areas under them equal. In 
this way each primary keeps its own brightness distribution in the spec- 
trum but acquires a new value for its brightness relative to the other two 
primaries. This again is neither physics nor physiology but pure arith- 
metic. 

It is an extraordinary historical fact that forty years ago, when Konig 
and Dieterici published the only adequate data of color mixture which 
have been available until five years ago, they put their measurements 
through the three transformations I have developed. The values pub- 
lished by Konig and Dieterici are shown in Figure 47 given later in the 
next section. In slightly modified form they are shown in Figure 39. 



FIG0RE 39 

Cow>R-MixTtjRE Data as Represented by the Standard Excitation Curves 
Derived by Weaver (See Troland, 1922) erom the Data of Komic and Dieterici 
(1S92) AND OF Abney {X913) 
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The curves in Figure 39 are the “excitation curves^’ adopted in 1922 
as “standard^’ by the Optical Society of America (Troland, 1922). 
Konig and Dieterici called them Elementarempfindungen or elementary 
sensation curves and in one form or another this unfortunate misnomer 
has stuck to them. It is important to realize that they are neither 
elementary curves, nor sensation curves, nor indeed excitation curves. 
Actually, they are the data of color mixture w'hich have undergone the 
above-mentioned three transformations, once, originally by Konig and 
Dieterici, and again more recently by Weaver (see Troland, 1922). 
First, they have been computed so as to have no negative coefficients; 
they now refer to two real primaries — the extreme violet and the extreme 
red of the spectrum — and to one imaginary primary made up of spectral 
green minus certain amounts of red and blue. Second, they have been 
corrected for the brightness distribution of an equal energy spectrum. 
And, third, the luminosities of the three primaries have been so chosen 
arbitrarily that the resulting three curves cover equal areas in the spec- 
trum. These things are not generally recognized, and the failure to 
do so has caused much confusion and misunderstanding, 

Konig and Dieterici, bearing in mind the mixtures given by color- 
blinds, computed their color-mixture data in terms of still other hypo- 
thetical primaries. The resulting curves they called Grundempfindungen 
or basic sensations, which they thought might possibly represent the spec- 
tral distributions of the three basic receptors. The Grundempfindungen 
are reproduced in Figure 40- Since Konig^s day these Grundempfin- 
dungen have acquired an air of great respectability, and for a long time 



FIGURE 40 

The GauNDEMmNuuNGEN OF K6mG and Dieterici ( 1892 ) 

These represent the color-mixture data for the spectrum of white light in terras 
of three imaginary primaries. 
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have been tacitly accepted by many physiologists and physicists as repre- 
sentations of the physiological processes concerned. Konig himself re- 
membered that his three Grundempfindungen were merely the transfor- 
mation products of his color-mixture equations; and when it became neces- 
sary later to change their form he (1903) did not hesitate to do so. 
These changes are not mentioned by those who use the Grundeinpfin- 
dungen, nor are they treated in the textbooks or monographs on the sub- 
ject. Moreover, it is never mentioned that Helmholtz (1891) found 
them inadequate and discarded them almost immediately after their for- 
mulation. I have shown (1930) also that they are useless for any other 
physiological purpose except to describe color mixture, 

4. Color Mixture and Brightness, Curves like those in Figures 39 
and 40 are made from the data of color mixture; therefore color equa- 
tions may be derived from them. One may thus get out of them what 
one has put into them in the form of data. But, even though they in- 
clude luminosity data, they do so only in a partial way, because the lumi- 
nosities of the primaries are arbitrary. Therefore, no information can be 
derived from the curves which helps us in understanding or deriving 
luminosity equations without the help of additional data. 

If the three equal area curves — either the excitation curves or the 
Grundempfindungen — are added together, they do not give a brightness 
distribution of the spectrum which at all resembles the correct brightness 
distribution in the spectrum. This can be achieved only by varying the 
areas under the curves in proportion to the luminosities of the primaries 
as determined by heterochromic photometry. Such an evaluation was first 
made by Brodhun (1887) for his color-blind eye. Later Abney (1913) 
evaluated the relative magnitudes of three curves similar to the Elemen- 
tarempfindungen required to make a proper visibility curve of the normal 
eye. Later Ives (1923), and still later Exner (1902, 1918, 1920), 
worked these out for the Grundempfindungen, From this work there 
has come out the not unexpected fact that the real areas under these 
curves are not equal. The values found by the different investigators 
vary slightly. Probably the most acceptable results are those by Judd 
(1925) for the standard excitation curves of Figure 39 as computed by 
Weaver (see Troland, 1922) and the visibility function of Figure 37 
as measured by Gibson and Tyndall (1923). Judd found that the visi- 
bility curve can be made up of 0.015 violet, 0.547 green, and 0.438 red. 
Knowing these values, and those in Figure 39, we have in our possession 
the data for color mixture, and for brightness distribution in the normal 
spectrum. 

5. Complementary Colors, When two spectral lights which are near 
to each other in the spectrum are mixed, the resulting hue corresponds 
to one lying between them on the spectrum, but differs slightly from it 
in that the mixture appears to be somewhat whiter, or, as the term is, 
less saturated. As the two chosen lights become more and more sepa- 
rated, this mixture becomes less and less saturated, until a point is reached 
in their separation when their mixture becomes completely unsaturated 



800 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


and gives only a white sensation. Such colors are known as comple- 
mentaries. There are now available many determinations of complemen- 
tary spectral colors (von Kries, 1905); apparently their wave-lengths lie 
on a rectangular hyperbola (Helmholtz, 1909-11), though the signifi- 
cance of this is obscure. The most recent measurements are those of 
Sinden (1923) and refer to a specific w^hite as standard. They are 
given in Table 12, 


TABLE 12 

Relativl Luminosities of Spectral Complementaries 
Data from Sinden (1923) 


Comp lementa lies Luminosities 


Ai 

Ai> 

h 

u 

650 

496 

31.6 

43.4 

609 

493.5 

39.3 

35.7 

591 

490 

50.3 

24.7 

586 

487.5 

55.4 

19.6 

580 

482.5 

62.0 

13.0 

578.5 

480.5 

64.2 

10.8 

576.5 

477 5 

65.8 

9.2 

575.5 

474.5 

67.7 

7.3 

574 

472 

69.0 

6.0 

573 

466,5 

70.6 

4.4 

572 

459 

72.1 

29 

570.5 

443 

73.2 

1.8 


Aside from giving the values of the complementary wave-lengths, Table 
12 shows the well-known fact that the relative brightnesses of comple- 
mentary colors differ greatly depending upon the individual pairs. For 
example, to make white with the two lights of wave-length 609 mju. and 
494 m/A, they must be very nearly the same brightness ; for the two com- 
plementaries 576 m/A and 475 m/A to make white, the yellow must be about 
ten times as bright as the blue-green; and finally for the yellow and the 
extreme violet to make white, they must be in the ratio of very nearly 
100 : 1 . 

The reason for this was first suggested by Helmholtz (1896), It is a 
familiar subjective judgment that the spectral colors are not equally 
saturated and that some of them produce more white sensation along 
with their color sensation than others, Helmholtz supposed that yellow 
and violet require such disproportionate brightnesses because spectral 
yellow is much less saturated than violet. He thought that in the violet 
most of the sensation produced is violet, whereas in the yellow only a 
small fraction of the sensation is yellow and the rest is white. In order 
for these complementaries to make white, one must take enough of the 
yellow so that the color portion of it will be the same size as the color 
portion of the violet; and this obviously means a low brightness of violet 
4nd a high brightness of yellow. 

is no question that this suggestion of Helmholtz makes the 
lutoinosity data of complementary colors conform with our common ex- 
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perience. One speaks of spectral red and of spectral blue as saturated 
colors, whereas spectral yellow-green, jellow, and orange are considered 
unsaturated colors. The data in Table 12 may therefore be considered 
as a precise description of the relative saturation of the spectrum. The 
supposition is that the relative luminosity required of each member of a 
complementary pair is inversely proportional to its saturation. And, 
since in Table 12 the sum of the luminosity values for every pair is the 
same, the numbers in the third and fourth columns are then an inverse 
measure of the relative saturation of each wave-length recorded in the 
first and second columns. 

6. Colorimetric Purity, Priest and Brickwedde (1926) have inves- 
tigated this problem of the saturation of the spectrum from a more directly 
experimental point of view (see also Hecht, 1931Z>). To one side of 
a photometric field of a given brightness of white light they added homo- 
geneous spectral light while taking out as much white as necessary in 
order to keep the brightness of the two sides constant. They then de- 
termined the minimum amount of spectral color that had to be added 
in order that one half of the field just appeared colored. They found 
that there is necessary a great deal more of yellow, of orange, and of 
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Measurements m Priest and Brickwedde of the Least-Ferceftible Colorimetric 
Fimmr in the Spectrum 
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yellow-green to produce this minimal color perception than of red, of 
blue, or of violet. The ratio of the luminosity of the added color to 
that of the total luminosity is called by Priest and Brickwedde the least- 
perceptible colorimetric purity. Their data are given in Figure 41. 

The argument from these data, though more direct, is precisely the 
same as the one we have just gone through for complementary colors. 
If a color is very saturated, then a certain amount of it will be required 
to be added to the white light in order to produce a color sensation. 
But if a color is unsaturated and already carries with it a great deal of 
white-producing capacity, then considerably more of it will be necessary 
to produce a minimal color sensation when it is added to white. The 
saturation of the different parts of the spectrum is therefore inversely 
proportional to the corresponding values of their least-perceptible colori- 
metric purity as given in Figure 41. Priest and Brickwedde’s experi- 
ments show about the same distribution of saturation in the spectrum 
as do the complementary-color luminosities. 

7. fV ave~ Length Discrimination. The measurements of “hue^^ dis- 
crimination consist in determining the minimum distance apart in wave- 
length, AA, which lights of two wave-lengths must be in order that they 
may be recognized as different. Many scattered observations are in ex- 
istence (Tschermak, 1929) ; but the only adequate measurements of this 
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visual function are by Steindler (1906), by Jones (1917), and by Laurens 
and Hamilton (1923). Steindler^s were the first complete data; her meas- 
urements are therefore given in Figure 42. The data of Laurens and 
Hamilton, which are probably the best available at present, are reproduced 
in .Figure 46, shown later in the next section. 

These measurements, as well as the less complete ones of other workers, 
have shown that there are four maxima of wave-length discrimination. 
There are two major ones, at about 485 m^ and 575 m/x respectively, 
and two minor ones at about 440 m/x and 625 m^u. respectively. The pre- 
cise relationship between AA and A varies surprisingly from person to 
person even under identical conditions; the general form of the relation- 
ship, however, is reasonably constant. 

8. Nature of Color Measurements, My only criterion in selecting 
from the various aspects of color vision for presentation here has been 
their availability in reliably quantitative, numerical form. It is there- 
fore significant that in recording them it has not been necessary to say 
anything with regard to the qualitative aspects of color sensation asso- 
ciated with securing the data. I have used the words blue, green, and 
so on, to describe different parts of the spectrum simply to avoid elaborate 
circumlocutions. The data, themselves, record measurements of wave- 
lengths and of energies under such conditions that the subject is required 
merely to record whether the two halves of a visual field are the same or 
different. 

The data of color mixtures are such measurements; two fields must 
be made to look exactly alike to the eye even though their compositions 
are quite different The measurements of brightness require two inten- 
sities to be varied until two sides of a field are identical. Even hetero- 
chromic brightness comparison is no longer a problem because it can be 
made by the flicker method or by the step-by-step method into which 
differences of color do not enter. Complementary-color measurements 
involve making one field composed of two monochromatic frequencies 
match exactly another field illuminated with the total visible light from 
a black body at 5000 ‘’K or with Abbot-Priest sunlight or any other stand- 
ard source. On the other hand, determinations of wave-length discrim- 
ination consist of the reverse process of starting with equal fields and 
changing the wave-length of one side until the observer declares that even 
by adjusting their brightness differences the two fields cannot be made to 
look alike. I1ie same is true of colorimetric-purity measurements. Homo- 
geneous light is added to one side of a photometric field until the observer 
says the fields no longer match. 

Recognition of these facts is necessary for understanding the data and 
for building a theoretical structure to account quantitatively for them. 

XVL Interrelations in Color Vision 

1. Theories of Color Vision* It has been an accepted notion that 
the various aspects of color vision are manifestations of one basic, physio- 
logical mechanism. The ideal has therefore been to build a hypothetical 
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Structure — a theory of color vision — ^which would show these interrela- 
tions, and which, when specified precisely, would yield quantitatively the 
various data presented above. The failure to realize this ideal has not 
been for want of ideas, because beginning with Young (1807) and con- 
tinuing with Helmholtz (1866, 1896, 1909-11), Hering (1920), Fick 
(1879), Konig (1903^?), and others (Tschermak, 1929), there has been 
a steady outpouring of relevant and important ideas on the subject. What 
has been lacking has been a certain objectively critical perseverance to 
sort out these ideas and to follow through their quantitative implications; 
to combine some, eliminate others, and to reach some kind of unity of 
thought about them. 

A slight beginning has been made; and, though incomplete, it is pre- 
sented in the belief that more is to be gained by the rigorously quanti- 
tative treatment of a small field in a concrete manner than by the multi- 
plication of vaguely general and obviously inadequate theories of which 
there are already far too many. Specifically, then, if we accept Young’s 
three-recepior hypothesis as a basis for a theory of color vision, it is 
possible to show first that the five aspects of normal color vision, which 
have been accurately measured and recorded in the previous section, are 
quantitatively related to one another; and, second, that they may all be 
derived according to certain rules of computation from the assumed spec- 
tral characteristics of the three receptor processes. 

2. A Tentative Hypothetical Color System. The measurements re- 
corded in the previous section have been secured by different investigators, 
under different conditions and with dififerent numbers of individuals. 
Therefore, though fully adequate to describe the essential, quantitative ele- 
ments of the various aspects of color vision, they do not constitute a 
homogeneous body of data descriptive of color vision. At the outset 
then it is well to recognize that one cannot construct a single theoretical 
color system in terms of which all these measurements may be derived 
with perfect precision. Instead, there are two procedures available. A 
color system may be proposed which yields an approximately quantitative 
agreement with all the data; or a system may be proposed which yields 
a perfect agreement with some data and an approximate agreement with 
others. In either case the deviations from theory may then be discussed 
in the light of known individual variations. I have chosen the second 
alternative as a means of presenting the ideas here involved. 

The curves Vo^ Go> and Rq shown in Figure 43 constitute the descrip- 
tion of such a color-receptor system. Because the data of color mixture 
arc so important and the data of spectrum brightness so well defined, the 
curves were designed to describe them perfectly ; the other data are given 
by this color system only approximately because they are themselves so 
variable. The curves Fo, Go and Rq may be considered purely as mathe- 
matical functions from which, in terms of certain procedures, other func- 
tions resembling the data may be derived. But it is better to think of 
them more realistically, even though only approximately, as the spectral 
senriVility distributions of three species of cones. 
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FIGURE 4.3 

Several Sets ok Cone Primaries Designed for Different Purposes 
The set Vn, G« i?« describes visibility and color mixture perfectly, and hue dis- 
crimination and saturation approximately» The set Vi G/ Ri is a slight variant 
of Fo Go Ro and deals especially with colorimetric purity. The set V^ Gj^ 
is particularly concerned with wave-length discrimination. 
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It is supposed, as a modern statement of Young’s original idea, that 
there are these three kinds of cones present in the retina, and that in the 
fovea they exist in approximately equal numbers. The sensations which 
result from the action of these three cones are qualitatively specific and 
may be tentatively described as blue, green, and red respectively. Thus 
a given cone, which contains a photosensitive substance whose spectral 
absorption is greater in the blue, or in the green, or in the red, is joined 
to a nerve fiber which is so connected with the brain that, when the photo- 
sensitive substance in the cone is changed by light and starts an impulse 
in the nerve, the nerve will register respectively blue or green or red in 
the brain, ft should be emphasized that, regardless of the method used 
for starting this impulse, and regardless of the wave-length of the stimu- 
lating light, and indeed regardless of the nature of the photosensitive sub- 
stance, an impulse proceeding along a “blue” nerve will register blue in 
the brain, a “green” nerve green, and a “red” nerve red. I have else- 
where (1931Z>, 1930) discussed in full detail the reasons for speaking of 
a “blue” cone instead of a “violet” cone (even though its corresponding 
sensibility curve is labeled Vo) and shall not enter into that matter here 
again. 

It is necessary to describe exactly what the curves in Figure 43 repre- 
sent. The abscissas are wave-lengths. The ordinates are the reciprocals 
of the energies required at the different wave-lengths to produce the same 
intensity of sensation in a given species of cone. This means that if we 
could investigate separately the activity, say of the red cones alone, and 
were to^ measure the energy required to produce the same red sensation 
qualitatively and quantitatively with different wave-lengths in the spec- 
trum, then the reciprocals of these energies would yield a curve such as 
the jRo curve in Figure 43. The same holds for the other two curves. 
The ordinates are therefore brightness values. If what has been found 
for visual purple in Section IX holds for the sensitive substances in the 
cones, then the curves in Figure 43 are very nearly the absorption spectra 
of the three sensitive materials. 

3. Color Mixture. The cone curves Voy Go, and Ro have been made 
up, point for point, directly from the standard color-mixture curves, voy 
goy and n, for white light, by the equations 

zr .0332^0 -j- .557^0 "4* -396^) [38J 

Go == .008z/o + .607^0 + *399^0 [39] 

Ro = M3vo + A77go + .51 9ro [40] 

which involve the following steps in computation. I'he excitation curves 

— preferably called mixture curves — v, g, and r shown in Figure 39, de- 
scribe the standard data of color mixture referred to an equal energy 
spectrum. Since the functions Vq, Got and Ro refer to white light, the 
values V, g, and r must also be transformed to refer to white light. These 
transformed values are vq, go, and ro. The values for v, g, and r are 
given in Table 13* They are multiplied by the energy distribution (E) 
of Abbot-Priest sunlight (see Priest and Brickwedde, 1926; Judd, 1930) 
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TABLE 13 

Excitation Curves Derived from the Computations of Weaver (See Troland, 
1922) Based on the Data of Konig and Dieterlci (1892) and Abney (1913) 
Energy distiibution in Abbot-Pnest sunlight (Priest and Biickwedde, 1926, Judd, 

1930). 


A 

in 


0 

r 

E 

?/o 

47o 

ro 

400 

253 



.614 

95 0 



410 

433 



.666 

176.4 



420 

614 

1 


.715 

268.5 

.5 


430 

915 

3 


.761 

426.0 

1.4 


440 

1019 

7 


.80S 

501.7 

3.5 


450 

950 

16 


.844 

490.4 

8.4 


460 

842 

38 

1 

.880 

453.0 

20.8 

.5 

470 

697 

81 

4 

.910 

388.0 

45.9 

22 

480 

473 

122 

14 

.939 

271.5 

71.3 

8,1 

490 

220 

169 

41 

.962 

129.5 

101.3 

24 2 

500 

123 

260 

83 

.982 

73.8 

158.9 

50.0 

510 

87 

391 

151 

.997 

53.0 

242.8 

92.4 

520 

61 

510 

233 

1.009 

37.6 

320.2 

144.2 

530 

43 

572 

307 

1.017 

26.7 

362.1 

191.5 

540 

29 

603 

373 

1020 

18.1 

383.1 

233.6 

550 

18 

612 

424 

1 022 

11.3 

389.2 

265.8 

560 

11 

578 

466 

1.018 

6.9 

366.2 

291.0 

570 

7 

517 

505 

1.014 

4.3 

326.4 

314.2 

580 

4 

415 

520 

1.009 

2.5 

260.7 

322.0 

590 

2 

296 

535 

1.000 

1.2 

184.2 

328.2 

600 

1 

196 

510 

.987 

.6 

120.5 

309.1 

610 


113 

462 

.974 


68.5 

276.2 

620 


59 

375 

.956 


35.1 

219.9 

630 


29 

285 

.937 


16.9 

164.0 

640 


10 

195 

.923 


5.7 

110.5 

650 


3 

118 

.903 


1.7 

65.4 

660 


1 

68 

.886 


.6 

37.0 

670 



40 

.862 



21.2 

680 



22 

.843 



11.4 

690 



13 

.819 



6.5 

700 



8 

.795 



3.7 

the values for which are 

also given in Table 13. 

Then to 

make the 


areas under i/ 0 i and ro equal to one another and also equal to the areas 
under Fo, and we write vo «= 0.6U2z>£; 0.6223^jE; and 

ro 0.61 35r£. The values of and ro so secured are also given 

in Table 13 and may now be introduced into equations [38], [39], and 
[40], Tlie resulting values of Fo, <?o, and Rq are the ones plotted in the 
curves of Figure 4.1 Thus, by construction, Fo, Go, and JRo give an 
exact description of color-mixture data. 

It is to be emphasiaied that there is an infinite number of primaries 
which can accomplish this. Any coefficients placed in front of vo, 
and ro in the above equations yield a set of curves which are arithmetical 
transformations of ffot and ro and therefore give a perfect description 
of the color-mixture data incorporated in them. However, Fo, Go, and 
J?o have been chosen for their adequacy in other ways. 
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4. Brightness, The curves Voi and Rq are defined as recording 
the brightness distribution in the spectrum of the three kinds of cones. 
Therefore, the visibility of the spectrum of white light is given by the 
simple addition of the three cone primaries. Adding equations [38], 
[39], and [40] we get 

Vo + Go + Ro - .044^^0 + 1.641^70 + 1.314;o [41] 

which is comparable with the luminosity curve. To show this, divide 
equation [41] by 3 so as to make the area of the luminosity curve the 
same as the area of vq or go or This gives 

To + Go + i^o 

Lo _ _ .OiSz^o + .547^0 + .438ro [42] 

for the composition of the luminosity function Lo- It will be recalled 
from the last section that these coefficients for vo^ goy and ro are identical 
with those used by Judd (1925) to give the best description of the aver- 
age visibility curve of Gibson and Tyndall. Figure 37 in the previous 
section shows a comparison of the values given by the sum Vo + Go + Rc 
with the experimental values of Gibson and Tyndall also made to refer 
to Abbot-Priest sunlight. As a matter of fact, this set of cone primaries 
and the other two sets which will be used later, and also shown in Fig- 
ure 43, are all so similar that their respective visibility curves are prac- 
tically the same. 

It will be recalled that the areas under Voy Go, and Rq should be ap- 
proximately equal to one another to express the fact that the three species 
of cone are present in about equal numbers in the fovea. As may be 
judged by equations [38], [39], and [40], these areas are 0.986 for 
Voy 1.004 for Go, and 0.999 for i?o* Thus the color system represented 
by the cone primaries Voy Go, and Rq give color-mixture and spectrum 
luminosity in exact agreement with the data. 

5. Brightness and White Values, The total brightness at a given 
wave-length is given by the sum Fo + Go + Rq, The white-producing 
brightness is equal to 3 times the value of the lowest cone primary, be- 
cause '‘white’* is produced when Fo Go =« Ro- The difference be- 
tween the total brightness Fo + Go + Ro and 3 times the lowest cone 
primary then gives the brightness of the “color** part. Figure 43 shows 
that for X<550, the lowest primary is Ro and the color is given by 
Fo4"^?o — 2.Ro» whereas for A>550 m/* the lowest cone primary is Fo 
and the color is given by Go + i2o — 2Fo- The same kind of reasoning 
applies also to a mixture of lights of different wave-lengths. 

These considerations bring out two interesting things: In the first 
place, even though the brightness of lights is additive, their color qualities 
tend to neutralize themselves in certain ways. The reason for this is 
possibly that brightness is to a certain extent determined in the retina 
and depends on the total number of cones stimulated, regardless of color, 
whereas color sensafion i$ much more of a central nervous affair and 
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depends on certain brain changes of which we know nothing at present. 
In the second place, a comparison of the relatne values of the color- 
producing portion and of the w^hite-producing portion of most wave- 
lengths shows that the latter is by far the larger magnitude of the two 
in relation to total brightness. In other words, speaking as a rough 
approximation, the brightness of a color is largely determined by its white- 
producing capacity. 

These aspects of color vision have been the subject of much contro- 
versy. Membeis of the Helmholtz school held that colors are additive — 
by which they meant that the brightness of colors is additive. This is 
an undoubted fact. On the contrary, the Hering school maintained that 
colors are not additive, but tend to neutralize each other in certain ways, 
and that the brightness of a given color depends on the white-producing 
capacity associated with it — its white valence. These notions of the Her- 
ing group have always seemed rather fanciful, and in certain instances 
have been based on erroneous information (Exner, 1918). But, as is 
often the case, Hering’s ideas have some significant point in them. It 
is therefore interesting to see how they come out quite unexpectedly in 
a purely physical and physiological formulation of the cone primaries such 
as I have here presented. Brightness is additive; color qualities do neu- 
tralize one another in certain w'ays; and the brightness of a color is to a 
certain degree determined by its white-producing capacity. 

6. Saturation. 'The curves Vq, Go, and J2o overlap considerably. It 
thus seems that much of the sensation produced by light of a given wave- 
length is white, and only a small portion of the effect of the light results 
in a sensation of color. This is surprising when we consider the richness 
of the color sensations associated with the spectrum. It is necessary 
therefore to show that the data of saturation secured by Priest and 
Brickwedde and shown in Figure 41 demand just such a partition of color 
sensation and white sensation. 

Wc have just seen that for each wave-length A the total luminosity 
minus Its ‘'white”' luminosity gives its “color"' luminosity. The satura- 
tion of each wave-length will then be the ratio of its “color” luminosity 
to its total luminosity. We may then write 


^x<550 -- 


5x>550 = 


V — ^2i?o 


Gfj-\-Rcr~~2>V 0 




[43] 

[441 


to express the saturation relationships in the spectrum. 

In Priest and Bricfcwedde's experiments let be the brightness of the 
homogeneous light which needs to be added to secure a just-perceptible 
color ; let Bw he the brightness of the constant white field, and let P\ 
be the minimum-perceptible colorimetric purity. Then the equation 

Bx 


Bu, 


Px- 


[ 45 ] 
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represents the definition of least-perceptible colorimetric purity. Since 
the amount of ^‘color” added is assumed constant, the brightness B\ 
which has to be added to furnish this ^ ‘color” is inversely proportional 
to the saturation This may be written as 


k 



and can be introduced into equation [45]. 


[46] 


The equation now becomes 


Kp 

[47] 

in which Kp=k/B>yo since is kept experimentally constant. In other 
words, the minimum perceptible colorimetric puiity as determined by 
Priest and Brickwedde is inversely proportional to the saturation as 
determinable from the values of the primaries To> Go, and Rq, 



FIOURE 44 

LEAS^PERCEPTmLE COLORIMETRIC PURITY AS GiVKN BY THE AVERAGE I>ATA OF X^RIEST 

AND Brickwedde, as Giveh^ from the Complementary Color X^uminosity Data 

OF SiNDEN, AND AS DERIVED THEORETICALLY FROM THE CoNK PRIMARIES Fo, Go, AND 
AND FROM THE CONE PRIMARIES Fo', Go', AND jRo' 

Compare these curves with those in Figure 41, and note especially Priest's data 
between 400 and 500 mM-. 
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Fi^^ure 44 shows the le-ulN ohjuiaed from J\i, Go, and in terms 
of equations [44j, [44], and [47] when A'/>=-=.()fJi. Included in Fig- 
ure 44 are the average data ot Priest and Brickwedde taken from 
Figure 41. h is apparent that the cur\e derived from To, Go, and Rq 
has the same general form as tliat of Priest and Brickwedde’s data. More- 
over, a compaiison of Figure 44 wdth the separate measurements for Priest 
and for Briclave<lde in F'igure 41 shows that the differences between the 
average data and the theoretical curve derived from Fot Go, and Ro are 
of the or<ier of magnitude to be expected from such individual measure- 
ments. 

An additional irulex to the possible range of individual variation may 
be secure<I by examining the saturation function derived from such com- 
pletely independent measurements as the ndative luminosities of spectral 
complementaiies given in l\ihle 12 and discussed in the previous section. 
It wull be recalled that these luminosities are an inverse function of the 
satuiation of the spectrum. Thev are, therefore, directly comparable 
with the colorimetric purify data of Priest and Brickwedde. The values 
Li and Ay in liable 12, multiplied by a factor (0.00038) to bring them 
to the same order of magttittide as the other measurements, have been 
plottec! in Mgtire 44, It k at once apparent that the colorimetric-purity 
function derived from Sinden^s data is essentially similar to that derived 
from /'o, Cfiu and to the data of Priest and Brickwedde. Be- 

cause of the nature of spectral compkmentaries, the critical middle portion 
of the curve is missing. But enough is available to show that the curve 
from /'o, (fiu and Rt, probably differs only as an individual variation both 
fr(an SindeiFs data and from Priest and Brickwedde’s data, 

I'he magnitude <jf this individual variation can be judged by the change 
that would be required in the color system Fo, Go, and jRo in^ order to 
give an emet reproduction of the average data of Priest and Brickwedde, 
Thh may be illustrated by the color system Vo\ Go', and Ro\ These 
cone primaries are made up according to the equations 

/V M2n + .721^70 + •240ro [48] 

Go' .OlOz^o + -738^70 + .276ro [49] 

i?o' .004«/o + *605^0 + .365ro [50] 

and are shown in Figure 43, Since the color system Fo) Go, and Rq 

is composed of t/o, yo, and ro, it describes color-mixture data exactly as 
well as does the system Fo, Go, and Ro* Also its spectrum visibility curve 
is much like that of Fo, Go, and Ro, and falls well within the range of 
normal observers studied by Gibson and Tyndall, by Ives, and by others. 
The reciprocal of its saturation is shown in Figure 44. The curve is 
almost identical with the average data of Priest and Brickwedde. 

It is to be noted in these derivations of saturation that the color por- 
tions Vo+Go — 2Ro and Gq+Rq — 2Fo arc assumed to be completely 
saturated. This is a first approximation, and is probably incorrect. Very 
likely, just as when the three cone primaries enter equally the resulting 
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eifect is a completely unsaturated color, white, so when only two cone 
primaries enter equally the resulting effect is a partly unsaturated — 
possibly a half-saturated — color, and must be so evaluated in the com- 
putations. For the present this consideration is omitted. 

7. Wave-Leiiffth Discrimination, Returning to the cone primaries 
Voi Go, and jRo> we may derive from them hue discrimination in terms 
of Helmholtz’ idea that the changes which the spectrum shows are con- 
nected with the relative changes which the three color receptors show 
in their spectral characteristics. Helmholtz (1891) assumed a non-linear 
and quite complicated relation between hue and color receptors, and even 
in order to derive the meager quantitative data available in his day (Ko- 
nig and Dieterici, 1884), he had to invent a set of primaries which were 
neither probable nor useful. A more simple and direct formulation is 
possible in terms of the primaries Fo, Go, and Rq, 

Suppose that a minimum change in the appearance of the spectrum 
depends on the rates of change dVo/dk, dGo/dX, and dRo/d\ in relation 
to one another. Figure 43 shows that when A<550 m/i, the rate of 
change oi Fq relative to that of Rq is 

dFo dRo 

[51] 

dX dX 


and the rate of change of Go relative to that of Rq is 

dGo dRo 

dX dX 


[52] 


The difference between the two expressions in [51] and [52] is 

dH d{Fo—Go) 

dX dX 


[53] 


and represents the way in which the appearance H of the spectrum for 
A<550 m/A changes with the wave-length A in terms of the relative 
changes of Voy Go> and Ro* By the same process we may derive the 
expression 


dH d(Ro~Go) 

dX dX 


£54] 


for A >550 mfi. 

In order to relate these ideas to the quantitative data of wave-length 
discrimination, we must remember that what is measured is not a differ- 
ential, but a finite distance in wave-length AA^ necessary for a minimal 
difference in appearance AH, Since this difference in appearance, AH, 
is minimal, it may be considered as constant, and possibly corresponds to 
a constant difference in the number of cones of each species functional 
for the two wave-lengths. Converting differentials to finite differences 
and writing aH*^Kb, we change equations [53] and [54] into 
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AA 

Akc “ Kh 

AiVo—Go) 

Ak 

Akc == K.{£ 

A ( Ro — Go ) 

in terms of which the experimentally determined distance AAc 
spectrum required for a minimal difference in the appearance o: 
trum is proportional to the distance AA which one has to 



Curves from Which the Theoretical Wave-Length Discrimination 
IN Figure 46 Are Derived 


[55] 

[56] 

along the 
’ the spec- 
move on 


Functions 
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the curves in Figure 43 to yield a constant value of A(/ o ^o) 

A(i?o — Oo). , . • r n n-u • ^ ^ 

The procedure for making the calculation is as follows : 1 here is first 

determined from Figure 43 the values of F a — Go between 40() m/i and 
550 m/x, and for Ro — Go between 550 m/x and 700 m/x. The values 
in the two sets pass continuously from one to the other and are shown 
as a continuous curve in Figure 45. Using this curve, one determines 
the difference between the ordinates of any two values and Ao which 
are 10 m/A apart. This yields a set of values of A(fo Go)/ 10 or 
A(jRo— G o)/10 throughout the spectrum. The reciprocals of these num- 
bers when multiplied by give AA^ for the point midway between 
Ai and As- In securing A(Fo — Go) and A(i^o Go), one may start at 
any value of A in Figure 45. But if one of the sharp breaks in the 

curve comes between Ai and A^j one must reckon A(Fo Gq)^ or 

A(i?o— <?o) from Ai to the break and then from the break to A-. The 
breaks are of no special significance. They represent only a sharp change 
in the sign of the slope of the curve; the actual magnitudes of [ <> Go 
and Rq — G o change smoothly through them. 

The results of such a computation fiom Fo, Go> and Ro for values of 
Ai and As equal to 400 and 410 mfi, 410 and 420 m//., and so forth, are 
given in the curve in Figure 46, Here if //=0.35. 1 here are also in- 
eluded in Figure 46 the hue-discrimination data for Laurens’ eye and 
for Hamilton’s eye taken from the data of Laurens and Hamilton. Fig- 



FIGURE 46 

Wave-Lenoth Biscjumination as Measured nr Laurens and Hamilton for Th^ir 
Own Eyes, and as Derived Theoretically from and Rt , 

The wave-length discrimination function derived from and coincides 

with the curve for Laurens’ eye. 
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ure 46 shows that the color system Fot Go, and Rq gives a wave-length 
discrimination curve which has the same form and magnitude as are found 
experimentally. 

No very great change is necessary in the cone primaries in order to 
secure an exact reproduction of an individual set of hue-discrimination 
data, for example those of Laurens’ eye. This change apparently has to 
include an alteration in the values of the color-mixture curves. The cone 
primaries Fl, Gi,, and Rl given in Figure 43 constitute such a color 
system. They are given by the equations 

Vl ^ m2vL + .553^j, -f .401ri [57] 

Gn =- .007^;^, 4- .620^1, -f .402ri, [58] 

^ mevj, + .489^^ + .541r^ [59] 

where Vl^ and rj, are the required mixture curves. 

From these cone primaries the values of (Fl — Gl) are found for 
A<510 m/A and of {Rl — Gx,) for A>510 mjx. The results are given 
in Figure 45. From this curve the magnitudes l — Gl)/ 10 and 

^{Rl — Gx)/10 are derived as before, and their reciprocals taken. When 
these reciprocals are multiplied by X'j/«0.523 there is secured a series 
of values AA.f? constituting a hue-discrimination function which is a per- 
fect replica of that given in Figure 46 for Laurens’ eye. 

The functions and of which the color system F Gx, and 

Rl, is composed are given in Figure 47. Included in Figure 47 are the 
standard mixture curves voy g^y and ro and the original mixture curves 
of Konig and Dieterici (1892). The values of Konig and Dieterici 
have been multiplied by 0.035 to make them comparable with the stand- 
ard values in Table 13 and in Figure 47. It is apparent that vi^y 
and Tj, differ little more from the standard excitation curves than do the 
individual curves of Konig and Dieterici from each other. The rjc and 
ru curves of Konig and Dieterici are not directly comparable with the 
ro and rj, curves; the former refer to 670 mjM. as a primary while the 
latter refer to the extreme red of the spectrum as a primary. The 
point of interest for us, however, is the magnitude of the differences be- 
tween Konig and Dieterici themselves in comparison with the differences 
between the standard mixture curves and those required to yield Laurens’ 
hue-discrimination data perfectly. 

8. Color Sensations. It was pointed out at the end of the previous 
section that the data of color vision with which we have been concerned 
do not involve any statement of the qualities of the color sensations asso- 
ciated with the measurements. Since the qualities of the sensations do not 
enter into the data, they need not be introduced into the theoretical deriva- 
tions of the data from Foy Go, and Ro or the other cone primaries. All 
that is required is that there be three cone primaries and that the sensory 
effect produced when each one is activated be different qualitatively from 
the others. 

Nevertheless these specific sensations do exist, and they have so long 
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FIGURE 47 

Mixture Curves for Sunlight 

The set ‘Vo ro is the one adopted in 1922 by the Optical Society. The sets 
fjjr and Vq are the ones of Kbnig and Dicterici for their eyes; their 

original ordinates have been multiplied by 0.035 to make them comparable to the 
other curves in this figure. I'he set is the one assumed to give the cone 

primaries and Rj^ which yield a huc-discrimination function exactly 

reproducing the data for Laurens’ eye. The points for Konig and for Dieterici 
have been connected with vertical lines to emphasize the individual variation 
possible in such measurements. To be compared with the differences between 
Konig and Dieterici are the differences between the set n and the set 


been part of the problem of color vision that they cannot be ignored. It 
is of course not possible to describe with any semblance of certainty the 
pure, individual, primary sensations associated with the separate stimula- 
tion of each of the three species of cone. Very likely the R sensation 
would be a red with no yellow and no blue tinge to it ; probably it would 
resemble the sensation associated with wave-lengths between 650 and 
700 m/iiy but it would considerably exceed such a sensation in saturation* 
The hue of the G sensation would probably be like that produced by the 
ifegidn SOO-505 m/Jt, but enormously more saturated* 
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While one may deal with a V curve in the computations, there are 
many reasons for considering only a B (blue) cone process. The B sen- 
sation would then resemble in hue that produced by about 470 but 
would also be much more saturated. The designation V comes about be- 
cause the B process always seems to be accompanied by a small amount 
of the R process which is called into play under spectral conditions iden- 
tical with those of the B process. 

I have elsewhere (1931^) given an interpretation of this situation and 
need go no further into it at present. It is mentioned here because it 
furnishes the ph 5 ^siological reason for the position of the crossing of the 
V Qy Goy and jRq curves. For example, since the purest green sensation 
occurs at about 500-505 m/A, this should be the point where the other 
two primaries are equal. It is here then that the B process equals the 
R process. But obviously it cannot be the place where Fo and Ro cross 
because Vq already contains some of the R process in it; therefore Fo and 
Rq must cross farther toward the red end of the spectrum. The amount 
of the R process which accompanies the B process then determines the pre- 
cise crossing-point of Fo and Rq or of the other corresponding cone pri- 
maries. A similar situation holds near the yellow at 575 mfx where the 
Go and Ro curves should be equal. 

Certain questions at once come to mind. Why is it that when an R 
cone and a G cone in the retina are simultaneously stimulated the result 
in the brain is a sensation of yellow which is different from that pro- 
duced by the stimulation of either alone? Why is it that when an R 
cone and a B cone are simultaneously stimulated the result is a sensation 
in which blue and red are both identifiable? Why is it that when an 
R cone, a G cone, and a B cone are simultaneously stimulated the result 
is a totally new sensation unlike any of them — ^white? These questions 
— the classic questions which have induced people to make theories of 
color vision — are easier to ask than to answer. No answer exists for 
them. Young and Helmholtz never asked these questions. Aubert and 
Hering asked them, but never answered them. They merely restated 
them aflSrmatively. Hering’s ideas of assimilation and dissimilation mean 
nothing in the modern physiology of sense-organs and of nerves. We 
shall have to know a good deal more about brain physiology before we 
can even begin properly to formulate these questions, let alone answer 
them. 

9. Color-Blindness* Thus far we have dealt entirely with normal 
vision. However, in the theoretical treatment of color vision, the mat- 
ter of color-blindness has always had an honorable part. It will be con- 
sidered briefly here not because of its lack of importance, but because of 
its lack of quantitative measurements. 

There are probably at least two basically different types of color-blind- 
ness; those due to changes in the nervous system and those due to 
changes in the retina. We do not know at present how to separate these 
two categories. The inadequacy of Young’s original notion (1807) that 
color-blindness means the loss or inactivity of one of the three receptors 
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was apparent to Pick (1879) as well as to Konig. What we know le- 
quires us to adopt the idea that in color-blindness the spectral character- 
istics of one of the receptors is changed so that it becomes identical with 
those of one of the others. For example, suppose that the photosensitive 
substance in the green cones becomes changed so that its absorption spec- 
trum (and probably its chemical constitution) becomes identical with 
that in the red cones. Under such circumstances the changed green 
cones and the red cones will be equally stimulated by light of any wave- 
length. However, the rest of the mechanism remains undisturbed; that 
is, the '"green’’ fiber will still cause a green sensation in the brain as be- 
fore. Therefore there will be no way for such an eye to discriminate 
hues in the spectrum between about 500 m/A and 700 m/x, all this region 
appearing predominantly yellow. 

That this is true we know from the reports of those people who are 
color-blind in one eye and normal in the other (Hippel, 1880), and fiom 
studies on the hue discrimination of color-blinds by Stcindlcr (1906) and 
by Laurens and Hamilton (1923). Moreover, since the magnitudes of 
the B and the R processes are identical at about 500 m/x, the spectral 
distribution curve of the changed green substance, since it has become 
like the red, will also correspond in magnitude to the H process at the 
same spot. But, since the sensations produced will still be blue, grcim, 
and red in equal amounts, the result will be a white sensation, and will 
correspond to the neutral point in the spectrum of the deuteranope. 

The same situation arises if the substance in the red cones takes on 
the absorption spectrum and the photochemical properties of the sub- 
stance in the green cones. The sensations produced by the spectrum 
will be predominantly blue from about 400 to 500 m/x, and predominantly 
yellow from 500 to 700 m/x, with a white or neutral point at about SOO 
m/x. These neutral points will obviously be the region of greatest change 
in the appearance of the spectrum. An exactly analogous state of affairs 
would result if the substance in the blue-ieceiving cones were to become 
converted into either the red substance or the green substance, 'inhere 
would be a white spot, or neutral point, at about 575 m/;. which would 
be the region of greatest change in the appearance of the spectrum. I'hc 
information about hue discrimination and neutral points of color-blind 
individuals is entirely consistent with these deductions. 

I am convinced, however, that color-blindness cannot be completely 
described in such comparatively simple terms. What further ideas are 
to be added must await the appearance of more detailed investigations of 
color-blindness. One weak spot is at once apparent. We know from 
the measurements of Brodhun (1887) and others (Konig, 1903^) that 
the luminosity of the spectrum for the deuteranope does not differ signifi- 
cantly from the normal. Although adequate measurements are not avail- 
able for the tritanope, the same is probably true for him. This is readily 
understandable in terms of the curves in Figure 43 because the curves 
are so^ similar that an exchange of one cone primary for another does not 
materially affect the luminosity distribution in the spectrum. However, 
the luminosity distribution in the spectrum for the protanope is very dif- 
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ferent from the normal or the deuteranope (Exner, 1921; Koni^, 1903£>). 
The maximum brightness is shifted toward the short-wave end of the 
spectrum. The luminosity is sharply depressed in the long-wave end» and 
it is correspondingly increased in the short-wave region. The simple 
transformation of the R curve into the G curve, though it is in the right 
direction, is distinctly not adequate in magnitude. Further work and 
ideas are clearlv called for. 

10. Mathematical Interrelations, The computations presented in this 
section serve to show that on the basis of certain ideas it is possible to 
relate quantitatively to one another the different aspects of normal color 
vision. The ideas are distinctly tentative; they have been presented con- 
cretely in numerical shape because only in such a way can they be studied 
and evaluated. 

The matter can be summarized in very general terms. Taking the 
standard mixture curves Vq, Oq, and ro as a basis, there may be built up 
by a series of arithmetical transformations a set of functions Vq, Go, and 
Ro which yield precisely or approximately the various data of color vision. 
Therefore voy ^o> and ro themselves yield the same things. One may thus 
describe the different aspects of color vision in two ways — either in terms 
of ‘Vq, go, and ro or in terms of Vo, C?o, and Ro- 

The visibility of the spectrum is given by the expression Fq+Go+Rq 
or by its equivalent 3(.015«/o+*547^o+.438ro). Hue discrimination is 
derived from the slope of the curves formed by plotting Vo — Go and 
Ro — Go against wave-length. But since Vo, Go, and Ro are themselves 
functions of vq, go, and ro as shown in equations [38], [39], and [40], 
then for V o — Go and Ro — Go one may write equivalent expressions com- 
posed of Vo, go, and ro. Such expressions are given in the second column 
of Table 14. Exactly the same thing is true of saturation. Saturation 
is defined by the two ratios (Vo+Go—2Ro)/{Vo+Go+Ro) and 
(Go+^o — 2Vo)/{Vo+Go-\-Ro) and may be related to the data of 

TABLE 14 


Relation op the Properties of Color Vision to the Mixture Curves and to the 
Hypothetical Cone Primaries 


Property of 
color vision 

In terms of 

^0 To 

In terras of 

G> R„ 


.015*^0 

( 1 

Color mixture 

/ i .547^70 } 

f i gA 


[ .438ro 

1 Ro J 

Luminosity 

3(.015®o + .547^0 + .438ro) 

/S'. + G. + 

Saturation 

.013«Vo 4* .070^0 — .OSlro 

f'o+Go+R,-3Ro 


.Ois^o + .547^-. + .438r, 

n+<7.+i?o 


— .018<C(i — .010^0 4" .043^0 



-+• .547^« + .438ro 

n+Go+R, 

Hue discrimination 

,02S<tfo — .050^0 — .004ro 

r. - c. 


— .010<v« — .130/70 + .120ro 

Ro - Go 
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least-perceptible colorimetric purity and to the luminosities of spectral 
complementaries- But since Fq, Goj ^*^^1 ttiay be yiTitten as functions 
of ^ 0 ) ^ 0 ) tq, the two saturation ratios may be similarly written. The 
two corresponding expressions are given in Table 14. 

All the relevant data of color vision are thus interrelated and may be 
derived from vq, and tq. However, a series of relations such as those 
given in the second column of Table 14 are both empirical and arbitrary. 
The mathematical expressions involving vq, ^t^^d ro possess no apparent 
physiological or physical meaning; and the values of the coefficients and 
the signs in front of and ro have no rational basis. The same would 

be true if we had taken as a basis any of the other propcities of color 
vision. On the other hand, if a set of functions like J o> Go, and Rq 
is formulated, then two things happen. In the first place, as the third 
column of Table 14 shows, all these aspects of color vision are tienvable 
by the simple addition or subtraction or division of the values ot / o, Go) 
and Ro themselves without any arbitrary coefficients; and, in the second 
place, these various manipulations are lational piocediues which possess 
meaning in terms of a hypothetical receptor meclianism. 
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VISION: III. SOME NEURAL CORRELATIONS 

C. H. Graham 

Clark University 
Introduction 

Until recent years theorists in vision, with few’’ exceptions, have paid 
little attention to the problem of nervous processes. It is not difficult 
to understand this justifiable neglect. Many of our present ideas as to 
nervous function have only recently passed to the level of demonstrable 
fact or firmly grounded inference, and for this reason it is not surprising 
that earlier theorists were loath to conssider events in the rctmo-cerebrat 
pathways. At present, however, our knowledge of nervous activity is 
becoming relatively well organized and systematized. Moreover, meth- 
ods for the study of this activity have reached such a level of development 
that it seems necessary to consider nervous effects in vision at greater 
length than ever before. This paper is concerned with a discussion and 
specification of certain of the problems which arise upon the consideration 
of these effects. Creed (1931) has previously dealt with this topic and 
in his discussion has emphasized the necessity for regarding the synaptic 
connections of the visual tracts, not ns relay centers for the propagation 
of nerve impulses from fiber to fiber, but rather as centers where con- 
vergence of nervous pathways leads to combination and modification of 
activity. On analogy with the functions of the gray matter in the spinal 
cord (Creed, Denny-Brown, Eccles, Liddell, and Sherrington, 1932), it 
would seem inevitable that processes such as summation, inhibition, and 
after-discharge would take place at these points of convergence. The 
present paper is concerned with a discussion of the evidence relating to 
these and other typically synaptic eflEects, 

The End-Organ Discharge 

Before entering into a discussion of the interaction effects exhibited by 
the higher levels* of the visual system, it will be well to consider the 
general characteristics of the end-organ discharge which is the immediate 
initiator of the interplay taking place at and beyond the plexiform layers 
of retinal synapses. The type of analysis so well exemplified in the 
electrical studies of Adrian and his co-workers (Adrian, 1932^; Adrian 
and Bronl^ 1928; Adrian, Cattell, and Hoagland, 1931 ; Adrian and 
Umrath, 1929; Adrian and Zotterman, 1926; Matthews, 1931) on single 
recently been applied to the photoreceptor by Hartline 
and Graham (1932). These investigators have found the eye of the 
horseshoe crab Ltmulus polyphemus to be an admirable preparation for 
the study of the afferent discharge in single fibers from the optic nerve. 
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The work of Grenadier (1879), Watase (1887-90), and Demoll (1914) 
shows that this eye lacks internuncial neurons and has no structure com- 
parable to the synaptic layers of the vertebrate eye. Such a finding sug- 
gests that the behavior of the discharge recorded from the optic nerve 
of Limulus would most nearly approach the expected independence of 
function of true sensory nerves. On this basis we should hope to obtain, 
in recording such a discharge, some indication of the type of response that 
might reasonably be considered as the end-organ discharge. A study of 
the discharge of impulses in a restricted number of photoreceptor units is 
made possible by the fact that the nerve contains little connective tissue, 
and hence can be separated into bundles containing few fibers. More- 
over, it seems that in the adult animal many of the ommatidiu are no 
longer active, and it often happens that in a small bundle separated off 
from the whole nerve there is but a single active fiber. 

Figure 1 presents four oscillograph records obtained at four different 
intensities from such a bundle. The regularity in impulse discharge and 
the uniformity in impulse magnitude indicate that only one receptor unit 
is concerned. This conclusion is further strengthened by the outcome 
of a number of control experiments which were concerned with the ques- 
tion as to whether or not the regular discharge demonstrated was in reality 
the discharge from a single unit. The main evidence in support of this 
contention derives from the fact that when a strand showing a uniform 
series of impulses is further subdivided the one part gives the same dis- 
charge and the other none at all. Other tests verify the conclusion, and 
it seems safe to accept the records as those from single discharging units. 

As an example of a train of single-fiber responses we may take the 
record reproduced in Figure 1, B, The discharge begins after a latent 
period at a high frequency which may rise to a maximum, and then sinks 
rapidly at first, and then more slowly, tending to reach a constant level. 
The discharge continues while the light is on the eye, and at high in- 
tensities is quite regular.’ When the light is turned off, the discharge 
persists for a short period and then usually stops. 

The effect of intensity on the discharge is clearly shown in the four 
records of Figure 1. At the higher intensities the initial maximum 
frequency and the final steady value are both increased as has been 
found to be ^ the case for other sense-organs studied by other inves- 
tigators (Adrian and Zotterman, 1926 ; Bronk, 1929 ^; Matthews, 1931 ). 
At lo-wer intensities the frequency is lower, the discharge tends to become 
irregular, and the^ latent period increases. At still lovver intensities the 
k ^ spite of continued illumination and just above 

the threshold consists of only a single impulse. Figure 2 gives the curves 
for the frequenc 5 ^time relation at three intensities. They are taken from 
the records, J C, and D of Figure 1 . In Figure 3 is plotted the fre- 
quency of discharge against the logarithm of the light intensity; curve 
A gives the initial maximum frequencies; curve B, the frequencies after 
tnree and one-half seconds. The linear relation over a moderate range 
or intensities parallels the often found sensory function which has been 



832 


HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 



Secon</s 
FIGURE 2 

Frequency of Impulses (Number per Second) versus Time after the 
Onset of Illumination 
Curve A — ^from Figure 1, A; intensity, 0.1 
Curve B— 'from Figure 1, C; intensity, 0.001 
Curve C-~-from Figure 1, Z>; intensity, 0.0001. 

Points give the average frequency of four successive impulses. 

(From h Cell, ^ Comp, Physiol.) 

designated the Weber-Fechner law on grounds which are frequently 
brought into question. 

Figure 1, A, gives a good view of the brief pause in the discharge fol- 
lowing the initial maximum. Hartline and Graham suggest that this 
“silent period*’ is a function of end-organ activity and is not due to a 
process of nerve fatigue. Evidence for this conclusion is advanced by 
the authors. 

The general findings may be summarized as follows: The discharge 
of impulses recorded in a single nerve fiber when its photoreceptor is 
stimulated by light resembles that found in similar preparations from 
other sense-organs. Initially discharging at high frequency, the photo- 
leceptor unit adapts fairly rapidly but maintains a steady discharge as 
the stimulus is applied. In this respect it may be classed with 
tension and pressure receptors. Of particular significance is the fact 
that a single receptor unit can respond at dijSerent frequencies over such 
a wide range of intensities. Some experiments have shown that the 
range may be as great as 1 to 1,000,000. These experiments on the iso- 
lated photoreceptor unit agree in revealing a typical nervous unit dis- 
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FIGURE 3 

The Relation between Frequency of Impulses and Logarithm of the 

Light Intensity 

Curve A — frequency of the initial maximal discharge 

Curve B— frequency of discharge 3.5 seconds after onset of illumination 
Data from Figure 1 plus other records of the same experiment. 

(From Cell & Comp. Physiol.) 

charging a regular train of impulses. The photoreceptor is thus seen to 
fit into the picture of end-organ activity developed from the study of 
other receptors. 

The implications of the above-described experiments arc, of coupe, 
tempered by the consideration as to how far one may safely go in making 
use of principles which have been established for a specific eye. Certainly^ 
there appears to be good justification for accepting the behavior of the 
eye of Lirnulus as typical of the activity in most eyes. The correspond- 
ence between the impulse discharge in the photoreceptor of this primitive 
organism and the discharges registered from other end-organs in mam- 
malian preparations (Adrian, 1928, 1932^) adds weight to this necessary 
assumption. 

Retikal Interaction 

Ontogenetically the retinal layers arc part of the central nervous syp 
tern from which they develop in the embryo. To quote from Granit 
(1932): 

Just as in other nervous centers, so in the retina there are confluent 
paths. There are, in point of fact, two principal directions of retinal 
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conduction^ with thiee ciossing points, where conceivably interaction 
might take place. Firstly, impulses aie conducted from the receptors 
through bipolais and ganglion cells to the optic nerve. But impulses 
may well be carried laterally, too, ciossing the paths leading upwards. 

The horizontal cells foim a lateial system under the basal ends 
of the rods and cones Another lateral system consisting of the 
amacrines is connected with the bipolars. Finally, the ganglion cells 
branch laterally Thus points of convergence are provided at three 
separate places in the retina, and by considering the functional 
aspects of conveigence we obtain a piogiam of research, which, as 
we shall see, already has found its own justification. 

The functional aspects of which Granit speaks are those exhibited by 
the processes of summation and inhibition, together with the other phe- 
nomena of spinal-cord conduction which have been studied in detail by 
the Oxford School and others. The following discussion demonstrates 
the extent to which these facts may be used for the elucidation of some 
of the problems of visual response, 

Action-Potential Studies 

The nerve discharge. In a series of important experiments Adrian 
and Matthews (1927^2, 1928) recorded for the first time the ana- 

lyzable components of the mammalian-optic-nerve discharge. The prep- 
aration was the eye and optic nerve of the conger eel, and the registra- 
tion of the response was performed by means of vacuum-tube amplifiers 
and a capillary electrometer. Due to the circumstances of procedure and 
preparation it was neither possible nor desirable to restrict the nerve dis- 
charge to a single fiber, and so the latent period of the nerve response 
was used as the most serviceable index of excitation. 

The relation between intensity of light stimulus and duration of latent 
period was found to be similar to that obtained with other end-organs, 
i.e,, an increase in intensity results in a decrease in the duration of the 
latent period. More unexpected was the finding that an increase in the 
size of the retinal image without alteration in intensity of illumination 
also acts to produce a shortening of the latent period. Such a determina- 
tion indicates that the effects of an increase in intensity are paralleled 
by those accompanying an increase in area. As Adrian and Matthews 
( 1927^2 ) point out: 

It is obvious that these facts do not agree with the simple conception 
of the retina as a mosaic of sensitive points each connected with its 
nerve fibre and each acting independently of the rest. The shoiten- 
ing of the latent period when the size of the retinal image is in- 
creased can only be explained on the assumption of some kind of 
interaction between the different stimulated points. 

Grounds for this assertion appear to be based on an expectation of no 
change in the latent period if it be assumed that each area down to the 
smallest is represented by a random sampling of receptor organs with 
varying thresholds. Since there seems to be little justification for mak- 
ing a contrary assumption the necessity for the acceptance of an inter- 
action effect is evident. 
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More direct evidence as to the ‘‘seat” of the interaction is presented 
in a later communication (1928). This evidence is derived from the 
results obtained in the “four-spot” experiment, a description of which 
follows. When four small, illuminated areas (about 0.22 mm. diameter) 
are set at equal distances on an imaginary circle I mm. of diameter on the 
retina, the latent period of the nerve response is shorter when the four 
spots act together than when any one acts alone. However, when the 
diameter of the circle is raised to 2-3 mm. there appears to be no shorten- 
ing in the latent period for the “fours” as opposed to the latent period 
for any one of the “singles.” In practice, after the detexmination of this 
minimum separation which would insure an unchanged latent period, a 
drop of 0.01- or 0.005-per-cent strychnine solution was applied to the 
retina. After the application of the stiychnine the exposures were made 
as before, i.e., the latent period was determined for each “spot” alone 
and for the four together. Records were taken at intervals of several 
minutes. Table 1 gives results of a sample experiment. 


TABLE 1 

Retina Illuminated over Four Areas Designated A, B, C, and D 


Area 

Befoie .strychnine 
Latent period 

After strychnine (0.01%) 

Latent period 
(12 minutes after 
application) 

A 

0.18 hec. 

0.31 sec. 

B 

0.21 

0.32 

C 

0.18 

0.37 

D 

0.18 

0.29 

A-B-C-D 

0.18 

0.23 


These results indicate that before strychnine the latent period of dis- 
charge with all four “spots” is the same as the latent period for the 
fastest acting single area, but after strychnine the latent period for the 
four “spots” together is much shorter than for any one singly. In 5thcr 
words, the areas are no longer acting independently and the respective 
excitations are summated. The locus of the summation is necessarily 
placed in the synaptic layers since it is known that the effect of strychnine 
is to facilitate conduction through the synapses of the central nervous sys- 
tem. There is no evidence to show that strychnine could increase the 
end-organ activity and, as a matter of fact, in line with the work of 
Bronk (1929^?) concerning the influence of strychnine on the action of 
the muscle spindle, the internal evidence of the experiment shows that 
the strychnine has a depressive action on the receptors, as evidenced by 
the decrease in latency for the individual stimuli. 

Other interesting results were obtained in another series of experi- 
ments, these tending to support the idea of the synaptic locus of inter- 
action. When a large region of tlie eye of the eel is illuminated thcr^ 
is developed a rhythmic succession of large waves which drop gradually 
in frequency during light exposure to a lower limit of 5-6 a second. The 
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rhythm quickens with higher intensities. Adrian and Matthews liken 
this rhythm to those found in the spinal cord and tentatively interpret 
the activity as due to the synchronizing function of the lateral connec- 
tions. This view is strengthened by results obtained with the application 
of strychnine, for when the drug is applied to an eye which is not illu- 
minated the optic-nerve record shows large rhythmic fluctuations at a 
frequency of 2-4 a second. During illumination strychnine speeds up the 
rhythm. From these observations it follows that the ganglion cells of 
the retina must be working in unison with alternating periods of rest and 
activity. Adrian (1932/?) has shown a similar form of behavior in the 
optic ganglion of another animal, that of the water beetle, Dytucus mar- 
gtnaltSj and in this communication he draws attention to the correspond- 
ence between this rhythmic behavior and the respiratory rhythms of the 
abdominal ganglion (1931). Figure 4 gives a representative record of 
the response of this eye. 



FIGURE 4 

Grouped Impulses in the Optic Nerve of Dytiscus 
A — light turned on suddenly 

another preparation, light on for three seconds 
Since the visual field was not uniformly illuminated the grouping is in- 
complete. Coupling condensers of small capacity in the amplifier exclude 
slow changes. Time, 0.25-second intervals. Compare these grouped im- 
pulses, due presumably to ganglionic synchronization, with those from 
Ltmulus (Figure 5), which do not show the rhythmic grouping. 

(From J, Physiol.) 

The broad outcome of these experiments is to show that conduction 
through the retina has many of the features of conduction in a reflex 
arc. That such activities do occur in the vertebrate retina is an obser- 
vation which implies much for theories of vision; above all, the implica- 
tion is forced that the visual receptors and their connections cannot be 
treated as independent units. 

Further results bearing on the problem of retinal interaction have been 
obtained by Graham (1932). The eye used was the eye of Limulus^ 
which, as previously noted, lacks lateral connections. For this reason 
we should expect that the effect due to an increase in the area illuminated 
would be exhibited in its simplest terms. 
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The preparation was a bundle containing many active fibers from the 
optic nerve of the adult animal. The area in the eye supplied by this 
bundle was mapped by the following procedure. A pin-point of light 
was allowed to fall on various parts of the eye and the regions where 
a strong response occurred — as opposed to those giving a weak I'esponse — 
were charted in terms of the readings obtained from the micrometer 
manipulator which held the eye. When the limits of this most active 
region had been determined, diaphragm holders could be adjusted so that 
the apertures of the diaphragms were centered on the middle of the active 
region. In practice the smallest aperture was placed over those elements 
in the large active region which gave the strongest response. After the 
experiment had been performed, the nerve chamber with eye and dia- 
phragm holder was taken out and the eye examined under a microscope. 
In this way it was possible to count the number of ommatidia illuminated 
with each diaphragm in position. 

Figure 5 presents four records obtained from, respectively, {A) an area 
containing 2 ommatidia, {B) an area containing 33 ommatidia, (C) an 
area containing 10 ommatidia, and (D) an area containing 121 omma- 
tidia. Records A and B were obtained at an intensity of 4500 meter 
candles at the eye, and records C and D at an intensity of 45 meter 
candles. The latent periods for records A and B are very nearly the 
same; that for record A being 0.084 second, and that for record B being 
0.080 second. The latent peiiods for the lower intensity records (C and 
D) are similar, 0.185 and 0.180 second, respectively. Record B shows 
a great increase over A in the number of impulses, as is also the case 
with jD as opposed to C. The increased number in records B and D is 
evidenced by the increased height and number of deflections. Clearly, 
the increase in area brings in many more active fibers, but the latent 
period is changed insignificantly. Table 2 gives a tabulation of results 
obtained at three intensities for four different areas containing, respec- 
tively, 2, 10, 33, and 121 ommatidia. In all cases the results are similar 
in so far as they indicate an unchanged latent period with increased area 
illuminated. On the other hand, the intensity effect is plainly evidenced 
by the fact that the latent period increases regularly with a decrease in 
intensity. 

In summary, it may be said that the latent period of optic-nerve re* 

TABLE 2 

Latent period (seconds) 

t arbitrary 1 arbitrary O.Ol arbitrary O.OOOl arbitrary 
No. of unit of ^ unit of unit of unit of 

ommatidia illumination* illumination illumination illumination 


121 


0.070 

0.180 

0.485 

33 

0.075 



0.575 

10 




0.490 

2 




0.490 


*1 arbitrary unit — 4500 meter candles at the eye. 






FIGURE 5 

Oscillographic Records of Action Potentials in Optic Nerve in 
Response to Iixumination of the Eye of Lunulus 
A — record obtained from an illuminated area comprising 2 ommatidia 
B — record from an area containing 33 ommatidia 

Recoids A and B at an illumination of 1 arbitrary unit (4500 meter 
candles at the surface of the eye). 

C — record from an area containing 10 ommatidia 
D — record from an area containing 121 ommatidia 

Records C and D at an illumination of 0.01 arbitrary unit 
Upward deflection indicates increasing negativity of lead next eye. Lower 
white line indicates time in fifths of seconds; tuning-fork line superimposed 
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sponse in Limulus is determined by the fastest acting of the responding 
sense-cells. The latent period is the same whether these fastest acting 
elements are illuminated alone or whether a large surrounding area is 
illuminated at the same time. In the eye of the eel it was shown by 
Adrian and Matthews (1927dr, 1928) that a decreased latent period was 
due to the properties of synaptic mechanisms. In Limulus the latent 
period does not vary with area, and this invariance may well appear to 
be a chaiacteristic of response in an eye lacking lateral internuncia^ 
neurons. 

The retinal potential^ In most animals the potential changes which 
are set up between the front of the eye and some other part of the body 
near the eye when the eye is illuminated are complex. Figure 6 gives 
a good idea of the electrical change which takes place in the eye of the 
house-fly when one electrode is placed against the eye and another against 
the head. The record shows that after a very short latent period there 
is an initial deflection which takes place in such a direction as to indicate 
that the front of the eye becomes negative with respect to the rest of the 
body. Following the maximal development of this deflection there is a 
leversal of potential, the deflection dropping below the base line, there- 
after rising to a new, steady, negative value which endures as long as 
the light illuminates the receptors. On the cessation of illumination there 
is a final increased negative deflection (the off-eifect) and then a return 
to the original base line. Figure 7 represents a typical mammalian retinal 
c 


FIGURE 7 

Retinal Potential from the Decerebrate Cat 
Intensity, 14 ml. Time in 0.5 second. The various deflections {a, b, c, 
and d) are marked in the representation. Deflection upward indicates 
increasing positivity of the cornea with respect to the rest of the body 
The break in the record represents an interval of 5 seconds. 

(From y. Physiol.) 

potential obtained at a high intensity with the decerebrate cat. The 
various waves (the small negative <ar-wave, the positive /?-wave, the long, 
slow c-wave, and the final //-deflection) are clearly and conventionally 
exhibited here. 

It is obvious that the retinal changes are composite effects of relatively 
slow time relations. Presumably they owe their characteristics to the 
complex structure of the retina. Contrary to a suggestion by Chaffee, 

^For references and summaries on the literature of retinal action potentials 
see ChaflFee, Bovie, and Hampson (1923), Granit (1933), and particularly Kohl- 
rausch (1931). 
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Bovie, and Hampson (1923), they are not the summed effects of action 
potentials in the nerve processes. This is shown by the fact that the 
respective latent periods for the nerve and retinal responses are different 
(Adrian and Matthews, 1927^), and by the fact that it is possible to 
suppress various components of the retinal potential and at the same time 
cause an increased activity in certain phases of the nerve discharge, notably 
the off-discharge (Granit, 1933), Frohlich (1928) has argued that the 
apparent complexity is a function of the manner of electrode placement, 
but Kohlrausch (1931) has refuted this contention and is supported by 
Granit’s observations (1933). Too, Hartline (1925) has shown that 
the responses obtained with the intact animal are identical with those 
obtained from the excised eye. 

It is interesting to contrast the complex mammalian retinal potential 
with the response obtained from a more primitive eye, that of Limulus 
(Figure 8). Presumably the simple shape of the action-potential wave 



FIGURE 8 

Oscillographic Record of the Retin ai. Potentiai, between the Front 
AND Back op the Eye of Limulus in Response to a Flash of 
Light of 0.02 Second*s Duration 
N ote the monophasic form of the wave. 

(From J. Cell, & Comp, Physiol,) 

in this latter animal is to be correlated with a less highly developed 
retinal structure, i.e., an absence of synaptic layers, etc. In this con- 
nection it is suggestive that the area effect in the Limulus eye is quite 
simple, i.e., the integrated voltage is, within wide limits (up to half the 
eye), a linear function of the number of sense cells illuminated (Graham, 
1932), 

Up to the present time, studies on the retinal potential have contributed 
a surprisingly small amount of information about the vihu«iI process. Of 
the earlier analyses the best known are those by Einthoven and Jolly 
(1908) and Piper (1911). Einthoven and Jolly analyzed the retinal 
potential of the frog^ into three components which they considered to 
be indices of the activity of three substances in the retina. Figure 9 
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FIGURE 9 

A Diagrammatic Representation of Einthoven and Jolly's (1908) 
Analysis of the Retinal Response 

The three curves (representing three hypothetical “substances”) sum in 
their proper time relations to give a normal action potential. 

(From Quar, J, Exper. Physiol ) 

gives a representation of this analysis. It is to be noted that the three 
curves sum to give a typical response. Piper’s analysis modifies Einthoven 
and Jolly’s scheme by making the initial negative deflection a process which 
continues during the exposure to light. Waller (1909) had originally 
suggested this change. 

Recently, Granit (1933) has proposed a new solution of the retinal 
response which seems to have the ■ advantage over the earlier attempts in 
at least two respects: (1) The author was able to split up the effect 
into its components by biological means, and (2) he was able to make 
a correlation between the retinal and nerve responses, a feat which the 
earlier workers up to the time of Adrian and Matthews (1927<7) were 
unable to accomplish. Granit used the method of applying ether to the 
preparation (decerebrate cat) and with this procedure found that definite 
components of the retinal potential are removed in three successive steps 
as narcotization is increased. These components are indicated in Figure 
10 by Roman numerals in the order of their disappearance. Process I 
(PI) disappears rapidly during narcotization (within 10 to 15 min- 
utes). This is essentially a high-intensity component. Thus, even at 
high intensities this component may be absent at an early stage of anaes- 
thesis while the low-intensity components, P II and P III, are completely 
unchanged. The positive remainder of the composite effect diminishes 
gradually and uniformly during continued anaesthesia. This component 
is called P II. Finally, after prolonged anaesthesia only a negative P 
in remains, provided the intensity has been great enough; ultimately, 
this too disappears. 

It is possible to exclude P II and still retain P I and P III at high 
intensities by occluding the carotid. Under these conditions the response 
consists of a large negative deflection followed by a secondary positive 
rise; the <3r-wave (initial deflection) runs on into the large negative P III 
of which it seems to be a part. 
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Granit’s (1933) Anai.ysis of a Composite Retinal Potential (Decere- 
brate Cat) at Two Intensities 

The broken lines represent the components. The composite curve is 
drawn in full. 

(From J. Physiol) 

When either P I or P II is removed by ether the off-effect is en- 
hanced. Since it is true that a pure low-intensitj' P 11 does not give 
an ofi-effect it would seem that the phenomenon must depend upon P 
III. P III, however, produces an off-effect only in the presence of P I 
or P II, and because of this Granit concludes that the off-effect is due 
to a release of the positive P 1 and PH from the influence of the nega- 
tive P III. 

The first systematic correlations of retinal and nerve processes were 
made by Adrian and Matthews (1927^/). They found that, when the 
retinal potential and optic-nerve discharge are compared, the retinal re- 
sponse occurs at a fixed interval before the beginning of the optic-nerve 
discharge over a considerable range of areas of retinal image and inten- 
sities of illumination. This constant *‘rctinal-nervc^* interval is of the 
order of 0.1 second for the eye of the eel and they consider that it is 
due to time lost in conduction through the retinal synapses. On this 
ground they suggest that the rtf-deflection is caused by the photochemical 
changes which precede the nervous excitation. As an hypothesis this be- 
comes improbable in view of their later finding (1928) that the decrease 
in nerve latent period with increase in area is due to summation in the 
synaptic layers. 

This latter point was raised by Granit (1933) in connection with 





844 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

investigations in which he observed that the typical four-spot result 
holds for the retina as well as for the nerve. Because of this he con- 
cludes that the latent period of the retinal response is determined by the 
degree of synaptic interaction and not by the photochemical effect. An- 
other important result of his experiment is the demonstration that the 
discharge of impulses in the nerve is due to P IL This is shown by the 
fact that no impulses appear with P III alone, and also by the fact that 
the impulses appear long before the appearance of P L 

A final correlation between the processes in retina and nerve is con- 
cerned with an analysis of the off-effect and its relation to the off-dis- 
charge. Adrian and Matthews {1921a) report that there is a constant 
interval between the beginning of the ^/-deflection and the off-discharge 
in the nerve, an observation which suggests that the retinal off-effect is 
translated into nerve impulses. The general features of this effect have 
been verified by Granit (1933) in the cat’s eye; he points out that, in 
terms of his analysis, the off-effect closely resembles a “post-inhibitory 
rebound.” 

Experime?ii$ on Human Subjects, Many researches have shown that 
several of the activities characteristic of spinal-cord conduction are present 
in the human eye, and it will be convenient in discussing these results 
to take up the various findings under the categories set by the nature of 
the activities demonstrated. However, before doing this, let us discuss 
a method which has been of great service in investigations concerned with 
the retinal processes of human subjects. 

The flicker method. Because much of the research to be reported 



FIGURE 11 

Part of a Record of an Oscillating Retinal Potential Set Up in the 
Rabbit’s Eye in Response to Intermittent Stimulation at a 
Rate of 1+ Flashes per Second 

Time in fiftieths of a second (tuning-fork record). Heavy dark markings 
at top register the intervals of stimulation. At fusion frequency the curve 
becomes smooth, losing the oscillatory character illustrated here. The initial 
a and h deflections occur earlier in the record and are not presented here. 
(From Piper in Erg eh, d. Physiol,) 
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has been done by the flicker method it is worth while at this point to 
summarize the arguments in favor of the view that the fusion frequency 
of flicker is an index of retinal events. In the experiment with human 
subjects the transition from flicker to non-flicker at the critical frequency 
is indicated in terms of the flashes of light per second (determined by 
the speed of a rotating, sectored disc) which are productive of the reported 
fusion. In the retinal action potential, fusion is determined by the point 
at which the intermittent ripples of potential (cf. Figure 11) become 
indiscriminable (Piper, 1911; Creed and Granit, 1933). These waves 
are chiefly composed (in terms of Granit’s analysis) of P II, the process 
concerned with the optic-nerve discharge. In the case of the optic-nerve 
discharge, fusion frequency is defined as the number of flashes per second 
required to produce a continuous (as opposed to a synchronized) discharge 
of impulses (Adrian and Matthews, 1928). Although fusion, in the 
three cases mentioned above, is defined in three different ways, it is never- 
theless true that all three definitions have in common the fact that ^‘fusion’* 
is always defined as the point at which the effect, be it retinal, nervous, 
or based on the subject’s report, becomes equivalent to the effect produced 
by a steady light. 

The interesting and significant feature of the results obtained by the 
three different methods is that they parallel each other in a very definite 
manner. In both the human experiment (Granit and Harper, 1930) 
and the experiment concerned with the retinal potential of the cat (Creed 
and Granit, 1933), it is found that the fusion frequency of the inter- 
mittent stimulus is within limits a linear function of both the logarithm 
of the intensity and the logarithm of the area. Adrian and Matthews 
(1928) found, too, that area and intensity act similarly in determining 
fusion frequency for the eel eye. 'Phus it appears that fusion frequency 
in three different situations is found, by a common index, to be influenced 
by the same factors in approximately the same way. Such a result raises 
a strong presumption that the effects measured are all determined by the 
same, fundamental controlling events; and since they occur in the isolated 
eye and in the retinal potential they must be retinal events. From this 
point of view, then, fusion frequency is considered to be an index of the 
intensity of peripheral excitation. 

A final bit of evidence should be presented here. This is the observa- 
tion by Sachs (see Kohlrausch, 1931) that, under certain conditions, a 
subject reports flicker when his retinal potential shows intermittent waves ; 
when there is a report of fusion these waves are absent. Such an experi- 
ment would appear to be crucial in demonstrating that the retinal po- 
tential and the subject’s report are both governed by the same retinal 
events, but in reality the evidence is of such a nature that it can do no 
more than suggest such a possibility. Cooper, Creed, and Granit (1933) 
were unable to demonstrate an accurate correlation between fusion fre- 
quency in the retinal potential and reported fusion. They point out that 
the difSculties inherent in the technique of registration make such a cor- 
relation difficult to establish. 
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The experiments to be described will demonstrate that interaction^ is 
a decisive factor in determining fusion frequency, a phenomenon which 
is interpreted as being due to retinal processes. The assignment of inter- 
action to the retina in experiments with human subjects is further justi- 
fied by the knowledge that the retina is fully capable of functioning in 
the manner required to account for the effects (Adrian and Matthews, 
1928; Granit, 1933; Creed and Granit, 1933). 

Spatial summation. In the first of a series of papers Granit (1930) 
reports results obtained when he applied the “four-spot’' experiment to 
the human eye in order to obtain information as to whether there is any 
interaction between distant areas. The procedure involved the deter- 
mination of flicker fusion frequencies for four circular test patches, sep- 
arated by an unstimulated area, the fusion frequency being determined 
for each of the patches alone and for all four together. The four stimuli, 
each having a diameter of T visual angle, were placed symmetrically on 
an imaginary circle of either 3“ diameter (arrangement 1) or 4° diameter 
(arrangement 2). I'wo intensities were used, the higher being 100 times 
greater than the lower. Observations were made with the center of the 
eye or at a visual angle of 10° in the periphery. The results show that 
with central fixation and the higher intensity there is a slight indication 
of interaction for arrangement 1. This is evidenced by the fact that 
the fusion frequency of all the patches is about 0.5 flash per second higher 
than the value for any one patch viewed alone. At the lower intensity 
there is no definite evidence of interaction. With peripheral fixation at 
the higher intensity there is an increase of about 5 flashes per second for 
all the patches over the values for the single patches. Even with arrange- 
ment 2 the increase is about 3.2 flashes per second, and at the lower in- 
tensity there is some evidence for the effect. 

Granit assumes that the interaction encountered in this experiment is 
of the summation type and stresses the parallelism exhibited by these re- 
sults and those of Adrian and Matthews. [A later discussion by Graham 
and Granit (1931) stresses the importance of synchronization as a prob- 
able assisting factor.] 

One of the most fruitful concepts derived from this experiment has 
been the one concerned with the difference in activity shown by the fovea 
and periphery. In the periphery of the human eye the receptors greatly 
outnumber the ganglion cells, and Ramon y Cajal (1894) mentions 
that in the mammalian eye he has observed horizontal cells exceeding 
0.8 mm. in length (about 3°). The plentiful interconnections charac- 
teristic of the peripheral structure are not present in great degree in the 
fovea, and, while it vvould be wrong to say that the foveal receptors and 
their connections exhibit independence of function, it is clear that ana- 
tornically they approach greater independence of structure than do the 
peripheral units. On grounds of structure the periphery seems more 
nearly to approach the type of nervous pattern which would favor sum- 
mation. Functionally the difference between the fovea and periphery 
appears in the extent to which the various interaction processes are ex- 
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hibited by each. Above all, summation seems to be a major function of 
the peripheral connections, and in this regard it should be noticed that 
the subject’s characteristic report of blurred contours in the periphery can 
be given a rational explanation in terms of the increased physiological 
spread of excitation which is a normal occurrence in this region of the 
retina. An estimation of Creed and Ruch’s (1932) results in this re- 
spect forces one to the attitude that the seeming predominance in sensi- 
tivity of the periphery is a function of the spatial summation, and that 
in reality the sensitivity of the rods, at least at medium intensities, is less 
than that of the cones. Creed and Ruch determined the fusion frequency 
of flicker for a white object subtending a visual angle of 12' at various 
positions in the field of vision, viz., up to 20° from the fixation point in 
the horizontal meridian and up to 10° in the vertical meridian. They 
found that flicker, with this small visual object, persists much more when 
the image falls on the fovea than when it falls in the periphery. The 
lowest fusion frequency occurs at 2 to 3° from the fovea. Because of 
the nature of these findings Creed and Ruch argue that the foveal re- 
ceptors and their central connections have a higher intrinsic fusion fre- 
quency than the peripheral, and that the apparently contrary results ob- 
tained with large areas (over 2° diameter) are due to increased spatial 



Fusion frequency (in Cycles of the Total Disc i>ee Second) veesus the 
Logarithm of the Light Intensttv on the Center and 
Periphery of the Eye 

Since the fusion frequency is given in cycles of the total disc per second, it 
must, in accord with the conditions of the experiment, he multiplied by a 
factor of 2 to give the value in flashes per second. Area is given in square 
degrees of diameter (see numerals against the curve). 

(Prom Amer* J. PhyshU) 
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summation which occurs as a result of the increased spatial stimulation. 

In a later contribution Granit and Harper continued the anal3^sis of 
retinal responses as indicated by the variation in fusion frequency. The 
experiments demonstrate the approximate validity of the Ferry-Porter 
law, which is conveniently expressed: 

n = a log I b [1] 

where n is the number of flashes per second at fusion, I the intensity, 
and a and b are constants. Figure 12 gives a graphical presentation of 
the approximately linear semi-logarithmic relation found for various areas 
(expressed as squaie degrees of diameter) in the center of the eye and 
in the periphery. A similar relationship is shown to hold for the eiEect 
of area. In this case 

n c \o^ A d [2] 

where A is the area and c and d are constants (Figure 13). Since the 
value of n is shown to be dependent on both the intensity of the light 
and extent of the area illuminated, the general expression involving both 
of these factors is given by 

n =: a log I log A + ^ log I y log A B [3] 



Fusion Freouency in CrctES of Disc per Second (Multiply by 2 for 
Flashes per Second) versus the Logarithm of the Area for 
Periphery and Center of the Eye 

Area in square degrees of diameter. Roman numerals indicate intensities 
in meter candles as follows: I — 428.6; li 214.3; 111 «= 94.0; IV — 
21.4; V 9:4; VI « 2.14; VIl 0.94; VIII *== 0.094. 

(From Amer, A PhysioL) 
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where a, y, and S are constants. Table 3 prei^ents the values of the 
constants a, y, and B for the periphery and center. A sij^nificant fact 

TABLE 3 



a 


y 

a 

Periphery (10°) 

1 68 

4.87 

4 28 

14 03 

Center 

0,90 

4.76 

1.79 

15.40 


is demonstrated by the table, i.e., the constants vary in a definite manner 
from the periphery to the center. One term of equation [3] contains 
log / alone and its constant, /?, is little changed by a shift from the center 
to the periphery. The two terms containing log A show great changes 
in the respective constants, a and y, as peripheral fixation gives way to 
central. This change in coefficients is particularly interesting in view of 
the fact that the log A terms, those which might be expected to indicate 
spatial effects, are modified. The increase in the magnitudes of a and 
y in the periphery can be interpreted only as indicating that here spatial 
factors play a greater role than in the center. Such an interpretation is, 
of course, in harmony with the ‘ ‘four-spot^ ^ findings. 

A question which follows from the demonstration of summation in the 
retina is the following: If spread of excitation occurs in the synaptic 
layers of the fovea, how arc we to account for the facts of visual acuity? 
How is it possible to report the separation of adjacent stimuli at high 
intensities if, by virtue of the increased spatial summation, the stimulated 
areas tend to overlap? [As Wilcox (1932) has shown, under the proper 
conditions, acuity actually decreases with intensity, but the problem still 
remains to account for the normal increase in acuity with increase in in- 
tensity.] A reply to this question is given by the results of Graham and 
Granit (1931), but before discussing them let us consider for a moment 
some suggestive observations of Granit and Harper (1930). 

Two bright semicircles were so arranged as to be capable of variation 
with respect to the distance between them. The fusion frequencies were 
determined for each alone and for both together. The experiments show 
conclusively that the critical frequency increases gradually as the half- 
circles are brought closer together in both the center and periphery. 
Typical results are indicated in Figure 14. It is interesting to note that 
the foveal interaction effects do not interfere with resolving power. With 
four subjects the summation was complete at an intervening retinal dis- 
tance of 30 mjxy yet the line separating the stimuli was reported as a 
sharply contoured part of the background. The authors point out as 
a possible explanation for this observation that inhibition may occur at 
the edge of the stimulated area, this inhibition effectively counteracting 
the excitatory spread. 

Summation occurs to a greater extent in the periphery than in the 
center (Figure 13), and anatomical grounds for this preponderance have 
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FIGURE 14 

Fusion Frequency in Cycles of Disc per Second (Multiply by 2 for 
Flashes per Second) versus the Distance between the 
Semicircular Test Patches 

= single patches at 0®; Do® — both together at 0°; iS’^o == single patches 
10° in the periphery; Dwo = both patches at 10°. 

Intensity !=== ca. 250 meter candles. 

(Fiom Amer, J. Physiol.) 

been given above. The convergence of many receptors upon single gan- 
glion cells is responsible for a great amount of summation in the periphery 
and it certainly is one of the major reasons for low visual acuity. 

The above-described experiments are of interest in elucidating another 
problem. The determinations concerned with the relation between fusion 
frequency and area demonstrate that there is an increase in fusion fre- 
quency with increased area, and this increase is interpreted by Granit and 
Harper as being due to summation of excitation over lateral pathways. 
One other possible explanation might have been employed,^ i.e., increase 
in area brings into play a greater number of fibers; and if fusion fre- 
quency is directly only an index of the number of frontally charging 
fibers acting, then an increase in fusion frequency is simply a measure 
of the increased number of fibers (without regard to interaction) brought 
into play. This consideration loses explanatory value in tlie light of 
the experiments on the separated half-circles. Under the conditions of 
these determinations the total number of afferent units was kept con- 
stant, or nearly so, by the provision of constant total stimulated area. 
The fact that lateral distance between the circles is the determinant of 
fusion frequency appears to favor an explanation in terms of the activity 
in lateral pathways. A possible objection to these experiments would 
attribute much of the increase in fusion frequency to scattering of li^t 
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rather than to spatial summation. This objection is nullified by the 
demonstration that if irradiation is compensated for by giving the back- 
ground such a high brightness that the diffusion circles become negligible 
in intensity the general result is in no 'vvay altered. 

The reports discussed above are not alone in demonstrating spatial 
effects in the eye, Geldard (1931), for instance, has determined the 
effect of varying intensities of peripheral stimulation upon the foveal thresh- 
old. Figure 15, which presents some typical results, indicates that as 



FIGURE 15 

Foveal Threshold Intensity (in Photons) as a Function of the Lo(?arithm 
OF the Intensity of a Light at 5° from the Fovea 
(From J, Gett. Psychol.) 

the intensity of B (the peripheral stimulus) increases, the foveal threshold 
decreases. The relationship is given a convenient formulation 

If = —k log In + C [4] 

where If is the foveal threshold intensity; /;*, the peripheral stimulation 
intensity; k and C, constants. The fact that such a relationship exists 
indicates that the peripheral effects are acting to facilitate the foveal pro- 
cess. On analogy with the flicker and action-potential results, it is reason- 
able to suppose that a large component of the effect is furnished by the 
retina. Experiments by Creed and Ruch (1932) and Lythgoe and Tans- 
ley {1929a) give results amenable to a similar interpretation. Creed and 
Ruch report that, when a large illuminated area surrounds a small flicker- 
ing test patch in central fixation, the fusion frequency of the flicker is 
increased as a function of the brightness of the surrounding area. The 
observations of Lythgoe and Tansley are of a similar nature. Too, the 
work of Cobb and Geissler (1913), Shearer (1932), Geldard (1928*^, 
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1928^), and Hess and Pretori (1894) gives evidence for interaction, 
although the complications present in some of the experiments make it 
impossible either to estimate its occurrence or to judge its locus accurately. 
Such an experiment, for instance, as that of Hess and Pretori, involving 
as it does at least four directions of interaction [(1) between test patch 
and background, (2) between background and comparison area, (3) be- 
tween backgrounds of test and comparison areas, (4) between test and 
comparison areas], is almost impossible of evaluation. 

A few words must be said at this point about one of the constantly 
recurring problems of visual physiology, i.e., the question of the inverse 
relation given by threshold intensity and size of area illuminated. Piper 
(1903^), Pieron (1920^, 1929), and Reeves (1918) are some of the 
workers who have been interested in this problem; but their studies, with 
the possible exception of Pieron’s careful determinations and interpreta- 
tions, have contributed little to an understanding of the underlying 
mechanisms. One dominant fact is very nearly all that can be deter- 
mined from the array of results: in one way or another an increase in area 
compensates for a decrease in intensity. There is an immediate tempta- 
tion to attribute the results of a summation which acts at the threshold 
(Pieron, 1929; Graham and Goldman, 1932), a function similar to that 
described by Adrian and Matthews and Granit. Recent results by 
Beitel (1934) indicate that summation at the threshold is indeed a fact. 
BeiteUs procedure was the following: He presented two semicircles sepa- 
rated by various distances in the periphery of the eye and determined the 
intensity threshold as a function of the distance between the two stimuli. 
The threshold intensity at each separation was compared with the threshold 
intensity for each semicircle alone. Throughout the tests the threshold 
intensities for the single stimuli varied but little. The most important 
result of the experiment shows that when both semicircles are presented 
together the threshold intensity increases as the stimuli are taken farther 
and farther^ apart up to the limits of a separation (in terms of visual 
angle) of 2“ 30\ Beyond this limiting separation the threshold intensity 
for both semicircles together is the same as the intensity requirement for 
the patch having the lower threshold. Beitel interprets these results as 
demonstrating interaction of a summativc type between the stimulated 
areas, the amount of this interaction being a function of the distance 
between^ the areas. He points out that the result carries the important 
implication that the threshold must be determined by the summation of 
effects from subliminally stimulated neurons up to the point of requisite 
threshold excitation at some point of convergence in the nervous arc. 

Retinal inhibition.^ In the foregoing section an important question was 
raised: How is it possible to report the separation of adjacent stimuli at 
high intensities in the fovea if by virtue of the increased spatial sum- 
mation the stimulated areas tend to overlap? As a possible solution of this 
problem Granit and Harper (1930) suggest a fovea! inhibitory process 
which acts in such a way as to limit and counteract the summation effect. 
Direct evidence on this point is contained in the results of an experiment 
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by Graham and Granit (1931). An apparatus was used in which two 
beams of ‘Vhite” light led to two adjacent bemicircular patches which 
could be varied independently with regard to intensity and flicker. Under 
these conditions it was found that when the two semicircles are of equal 
brightness and are flickered synchronously in central vision they give a 
higher fusion frequency than either taken singly. This result is, of course, 
amenable to interpretation in terms of increased summation occurring 
with an increase in area. 

A different and suggestive result was obtained when the two semi- 
circles of *‘white” light were adjusted to differing levels of intensity in 
central vision. Under these circumstances it was found that the fusion 
frequency of the lighter with the darker flickeiing adjacent to it was higher 
than the fusion frequency of the lighter flickering alone. Presumably, such 
a result indicates that there is a summation upon the lighter due to the 
presence of the darker. The question now arising concerns the effect 
of the lighter upon the fusion frequency of the darker. An answer is 
given by the representative results of Table 4. In this table the top row 

TABLE 4 

Conditions: Left semicircle alwajs at 139 milHlamberts, background at 0.012 
millilambert Both flickering and about 4' of visual angle apait. Central fixation. 

Singles Doubles Peicentage difference 

Both equally blight 

55.8 60.6 8.r> 

Right 50% darkei than left. Fusion frequency 
of light determined. 

54.7 53.9 ^ --1.5 

Right 50%- darker than left Fusion fiequcncy 

of left determined. 

55.8 58.8 5.4 


of figures indicates the result obtained when the effective area is doubled 
at the same intensity. The increased summation is shown by the in- 
creased fusion frequency of the “doubles*’ over the “singles.” The bottom 
row indicates the summation developed on a brighter semicircle because 
of the presence of a darker semicircle (at 50% the intensity of the brighter) 
flickering synchronously adjacent to the brighter. The increase in fusion 
frequency amounts to 5.4 per cent. There remains a discussion of the 
lesults given in the middle row. In these determinations the fusion 
frequency of the darker was measured with the lighter semicircle flickering 
synchronously and adjacent to it in the field of vision. The table shows 
that with these conditions the fusion frequency of the darker is 1,5 per cent 
lower than its value when flickering alone. Thus it seems that, within the 
limits of error, there is either no alteration or a slight decrease in the 
fusion frequency of the darker in the “double” configuration as contrasted 
with its value alone. The experiment was performed under many con- 
ditions and all the results are similar. 

Graham and Granit (1931) have interpreted this lack of alteration (or 
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slight decrease) in fusion frequency of the darker to be due to a process 
of retinal inhibition. It must be remembered in this regard that the 
darker semicircle will summate with another of the same intensity and 
spectral distribution, and on this basis the interpretation is warranted 
that the removal of summation is due to an actively inhibiting process. 

It seems necessary to conclude that there is in the retina an inhibitory 
pathway and that this pathway is especially well developed in the fovea. 
There is, indeed, in this region a group of cells, the amacrines, which here 
is more developed than elsewhere in the retina and which is joined to the 
efferent fibers in the optic nerve. Whether the inhibitory effects are 
descended from higher centers is not of immediate concern. Functionally, 
the theoretical significance of the observation seems to be that the inhibitory 
system is excited relatively more and more as the excitation of a group of 
neurons increases. As a result the inhibitory effect passing from the more 
intensely stimulated area to the less stimulated area will be greater than 
the inhibitory effect passing in the opposite direction. 

This conclusion has interesting corollaries. In the first place, such a 
mechanism is compatible with the picture of brightness contrast and it is 
interesting to note that here we probably have a retinal component of 
the process. Certainly, a rational account is given of the specific func- 
tions which act so as to cause exaggeration of differences between two 
adjacent areas at different intensities — this exaggeration constituting the 
main characteristic of the contrast effect. Secondly, the establishment 
of the inhibitory process resolves the dilemma as to the status of acuity. 
Practically, it may be concluded that in the fovea there is available a 
mechanism for counteracting the summation process. Finally, the con- 
ditions noted have in many cases been comparable to those existing in 
the brightness-discrimination experiment. Thus, from the point of view 
of the functional aspects of the situation, the just-discriminable difference 
becomes significant as an index of the least difference in intensity necessary 
for the establishment of the differential summation-inhibition interplay. 

The discussion above has been concerned with effects obtained for cen- 
tral vision. Graham and Granit (1931) have been unable to demonstrate 
inhibitory functions in the periphery. Regardless of the brightness dif- 
ferences between the two patches (up to 33.3 per cent) summation is 
fairly constant in the periphery. In accord with these observations it is 
necessary to point out that brightness discrimination and acuity are much 
less refined in the peripheral eye. The predominance of summation in this 
region provides ample ground for such a state of affairs, 

Tefnporal summation. It has been known for a long time that the 
elicitation of the visual response is dependent, within limits, on the dura- 
tion of the light stimulus. Bloch (1885), Blondel and Rey (1911), 
Pieron (1920c), and Reeves (1918) are among those who have shown 
that, within limits, an increase in duration can compensate for a decrease 
in intensity at the threshold* In the eye of the eel, Adrian and Matthews 
(1927i^) found that, with flashes somewhat shorter than a critical duration 
(0.03 to 0.06 second), a definite quantity of light (intensity X duration) 
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over a given area always produces a definite reaction whatever the intensity 
of the light. Under these circumstances the reciprocal of the latent period 
of the retinal reaction-time is a linear function of the quantity of light 
within moderate limits. 

A considerable amount of the summation described by these relations 
may well be attributed to the accumulation of photochemical products in 
the rods and cones of the retina rather than to summation in the synapses. 
On this point Creed (1931) says: 

But since there is much reason for believing that the excitatory 
process at synapses in the nervous system also represents some cumu- 
lative alteration in physical or chemical conditions, it would be 
academic hair-splitting to attempt a rigid differentiation between 
these two mechanisms. 

Such a point of view is valuable in pointing out the dangers due to disre- 
gard of the nervous mechanisms, but it can be only tentative; ultimately 
we shall have to know the contribution of both end-organ and nerve. 
Pieron’s (1920r) demonstration, \eiified by Graham and Margaria (in 
preparation), that an increase in m-ea may compensate for a decrease in 
exposure time provides evidence to show that the synaptic factors are im- 
portant, i.e., spatial summation may compensate for temporal summation. 
The fact that the critical duration decreases with an increase in area 
(Graham and Margaria) is also of importance in designating the synapses 
as the locus of at least some of the temporal effect in the intensity-time 
experiment. 

The question of the respective contributions of various loci to the 
intensity-time relationship is of pressing importance. Up to the present 
time no report has been encountered by the writer which throws light on 
the problem. There is required for the clarification of this point a careful 
series of studies on such questions as the influence of “background” on the 
intensity threshold and the influence of lights (separated from the thresh- 
old light) on the exposure time requirecl by the threshold light. The 
nearest approach to an attack of this kind had been made by Cobb 
(1923), but, unfortunately for the present discussion, his procedure pre- 
cludes an analysis in terms of temporal summation. 

Granit and Davis (1931) have recently reported results of an experi- 
ment designed to test the summation of two successive subliminal stimuli. 
A flash of light of 0.0 II second^s duration was adjusted to an intensity 
just below the absolute threshold of vision. The experimental procedure 
was varied so as to allow this flash to be followed by a second subliminal 
of still shorter duration at varying intervals after the first. [This method 
is similar in principle to that used fay Eccles and Sherrington (1930) for 
the testing of the after-effects left by a subliminal predecessor in the spinal 
flexion reflex.] The duration of the second flash was so adjusted that, 
at a given interval following the first, it would summate with the after- 
effects of the first to reach the threshold. [In control experiments the 
intensity of the second flash was varied, rather than the duration. Gen- 
erally, however, the results by the two methods are similar inasmuch as the 
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quantity of light {q =*= it) was used as the index of eflEect] The results 
show that, as the interval between flashes decreases, the quantity of light 
in the second flash required for the production of the threshold decreases. 
By measuring this quantity at various intervals after the first flash it was 
possible to determine the level of the subliminal excitatory remainder as 
a function of time. 



FIGURE U 

Duration of Second Plash Plotted against the Interval (in <r) 
BETWEEN Flashes 

Curve A expresses the duration of the second flash as a percentage of the 
duration of the first flash; B, C, D, and E give the absolute durations. 
Curves B and C obtained with an area of I'* visual angle; D and E, 
2,5® visual angle; A, average of B, C, D, and E. The ordinates are 
plotted downwards inasmuch as it is assumed that the maximal duration 
of the second flash minus its value at any interval is a direct indication 
of the excitatory remainder. 

(From Amer, J. PhysioL) 

Figure 16 gives a graphic view of the course of the excitatory remainder 
as determined in this manner for the periphery. Granit and Davis have 
made the simple assumption that flash 2 adds onto the remainder of flash 
1 ; thus 11.3 — y may be accepted as indicating the magnitude of the ex- 
citatory remainder (11.3 being the value of flash 1 in sigma, and y being 
the experimentally determined value for flash 2 in the same units). The 
authors point out that, although part of the effect may be photochemical 
in nature, there is little reason to assume a photochemical after-effect 
lasting for 130or and taking the complicated course indicated by the curves 
of Figure 16. In a test, important for this type of experiment (and, as 
the authors point out, difficult), they found that the two flashes are pro- 
ductive of summation when they stimulate separated areas. The temporal 
interval during which this occurs is small — a few sigma. 
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Synchronization of impulses. Synchronization of neuron discharge 
has recently become an important subject for investigation and discussion. 
Adrian and Matthews’ work (1928) indicates that synchronization of 
discharge develops “spontaneously” in the eel’s retina when large regions 
are stimulated, and the results obtained from the water-beetle (Adrian, 
1932iz) demonstrate a similar type of activity in the optic ganglion of 
this animal. (These examples are to be contrasted with the asynchronous 
discharge of the Limulus eye which lacks internuncial neurons.) Hoag- 
land (1933) has studied the synchronization of discharge in another affer- 
ent system, the lateral-line nerve of the catfish. On the motor side Adrian 
and Bronk (1928) have found that the respiratory center discharges 
rhythmically when strongly stimulated by asphyxia; and Denny-Brown 
(1928-29) and Adrian and Bronk (1929) report that rhythmic dis- 
charges occur in single motoneurons from extensor muscles during re- 
peated stimulation of a contralateral afferent nerve. In an investigation 
into this type of activity Eccles and Hoff (1932) come to the conclusion 
that each motoneuron has an intrinsic rhythmic center and that the rhyth- 
mic activity is not determined by the discharge of internuncial neurons 
farther upstream. 

In the eel’s eye the rhythmic discharge resulting from intermittent 
stimulation is directly comparable to the synchronized rhythmic discharge 
occurring when a large area is stimulated. Adrian and Matthews have 
described the latter activity as occurring “spontaneously.” The syn- 
chronous discharge found with flicker differs from the “spontaneous” dis* 
charge in the respect that the flicker response is “impressed.” Since, how- 
ever, the net result in both cases appears to be a synchronized excitation 
which charges the higher centers, it would seem as though the effects should 
be similar. 

Table 5 gives a series of results obtained by Graham and Granit (1931) 
which are of significance on this point. The experiment consisted of 

TABLE 5 

Conditions: Both semicircles at 35.0 millilamberts; background at 0.012 millilam- 
fcert. Semicircles separated by about 4' of visual angle. In this table the per- 
centage increase oi decrease is the difference between the ^‘doubles” and the 
^‘singles’* in percentage of the “singles/^ 

One semicircle flickering, 

the other steady Both flickering 

Center Periphery Center Periphery 

Single Double Single Double Single Double Single Double 

Fusion frequency 49.1 SO, 5 46.7 49.5 49,5 52.4 46,7 53.1 

Percentage difference 2,9 6,0 5.9 13.7 


determining the alterations produced in the fusion frequency of a flicker- 
ing test light under either of two conditions, {a) In one case the fusion 
frequency of the flickering light alone was compared with its fusion 
frequency when another light of the same intensity was flickering syn- 
chronously with it and adjacent to it This is the case where “impressed^* 
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synchronization is present, {b) In the other condition the fusion frequency 
of the flickering light alone was compared with its fusion frequency when 
a steady light was placed adjacent to it. The intensity of the second light 
was adjusted (as dictated by the Talbot-Plateau law) until the subject 
reported it as equal in brightness to the flickering test patch at fusion. 
This is the case where synchronization is lacking. The group of columns 
under the heading “One semicircle flickering, the other steady’’ gives the 
results for the center and at 10° in the periphery for the test light alone 
(“Single”), and with the steady light in the field (“Double”). The 
group of columns under the heading “Both flickering” gives the same 
information about the configuration involving the two flickering lights. 
The influence of the synchronizing factor is shown by the demonstration 
that, in central vision, the increase in fusion frequency of the double con- 
stellation involving a steady light is only 2.9 per cent above that of the 
single, whereas when the double configuration involves a flickering light 
the increase is 5.9 per cent. Similarly, under the former conditions, the 
periphery shows an increase of 6.0 per cent, while under the latter circum- 
stances an increase of 13.7 per cent is to be noted. This unequivocal result 
demonstrates that interaction is favored by intermittent stimulation. The 
establishment of a synchronized rhythmic discharge appears to increase 
the activity of the retinal centers, and the facilitated interaction in the 
cases cited is evidenced as increased summation. 

Few questions as to the nature of the synchronized effects can be an- 
swered at the present time. The suggestion by Adrian (1932i^^ p. 89) 
that certain forms may be electrical in nature is of interest in this con- 
nection, but he is careful to show that the evidence makes such a conclu- 
sion purely tentative. 

Central Processes 

Up to the present the discussion of interaction has been concerned with 
those types which may reasonably be ascribed to the retinal layers. In 
several instances (e.g., Hess and Pretori, 1894; Shearer, 1932; Cobb and 
Geissler, 1913) it is probable that retinal processes constitute but one of 
the assisting activities; and, indeed, in all cases special techniques and 
arguments must be devised for the differentiation of the “seats” of the 
possible contributing processes. The reason for this necessity becomes 
clear when we consider that the subject’s response, which is the basis for 
many of our determinations, is the end-product of a complicated neuro- 
muscular pattern of behavior involving, in addition to the peripheral func- 
tions, the functions of the thalamus, cortex, and even the motor units. 
The advantages of the action-potential measurements are obvious on this 
score, and the use of the flicker method, too, insures the test of functions 
which are more or less restricted to specific areas. 

In all vertebrates the thalamus is concerned to a greater or lesser degree 
with the reception of visual impulses; and, of the various parts of the 
thalamus, the laterial geniculate body is probably of greatest significance in 
this reception (Clark, 1932), Here, due to the presence of a rich supply 
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of nuclear elements and connections with other parts of the thalamus, one 
might well expect to find a modification and redistribution of the impulses 
which come up the optic tracts from the two retinas. The most signifi- 
cant fiber connections of the dorsal nucleus of the lateral geniculate body 
are those which go to the occipital cortex, these constituting the optic radia- 
tions (Poliak, 1932; Tilney and Riley, 1921; Brain and Strauss, 1930). 
They are composed of the axons of cells from the dorsal nucleus which 
run by way of the internal capsule to terminate in the visuo-sensory cor- 
tex. The possibilities for interaction in the occipital cortex are, of course, 
innumerable because of the multiplicity of neural interconnections between 
cells in the various layers of that structure. To what extent interaction 
occurs in these centers, and how it occurs, are questions which may serve as 
the starting-point for investigations into the brain physiology of vision. 

No attempt will be made to present in this paper an adequate discus- 
sion of the problem of localization of visual functions.- It is sufficient 
to say that the question as to whether or not the retinal units are directly 
represented in the cortex is controversial. The investigations of Henschen 
and others have afforded evidence for such localization, while Monafcow 
has been the leading proponent for the opposite view (Brain and Strauss, 
1930). Henschen*s view seems to be better supported by most recent 
work. Lashley (1931) has shown that a small lateral portion of the 
striate area is requisite for detailed vision in the rat. If this region is 
destroyed the discriminatory habit for pattern is lost and cannot be re- 
established by training. This result demonstrates the presence in this 
animal of a high degree of localization for pattern discrimination. An- 
other visual function — ^brightness discrimination — seems to be represented 
by a subcortical mechanism. An animal without a cortex can learn to 
discriminate light from dark at a normal rate; but the cortex seems to act 
in a facilitating role for this activity: if a normal animal learns to make 
the discrimination and is then subjected to cortical operation, loss of the 
habit develops and this loss (as measured by the errors to relearning) is 
proportional to the amount of cortical tissue extirpated. In the case of 
the dog, Marquis (1934) has shown that object vision is lost with ex- 
tirpation of the occipital lobes. As with the rat, removal of the occipital 
lobes does not destroy the ability to form a stable habit of light dis- 
crimination. If the discrimination is established before operation, the 
subsequent extirpation of the occipital lobes abolishes the habit, but the 
habit can be relearned with slightly less practice than was necessary for 
the initial learning. In general, then, Lashley^s work and Marquis’ work 
seem to be in agreement, and on the basis of the experiments we may con- 
clude that the brightness-discrimination habit in the rat and dog is de- 
pendent upon a subcortical mechanism, which may b,e influenced by cortical 
events. Lashlcy’s finding indicates the need for a definite part of the 
striate area in the pattern vision of the rat. Certain visual functions, then, 


®For a complete account the reader is referred to Cortical Localization (cf. 
Marquis, 1934). Extensive accounts of anatomical findings are contained in the 
chapters by Brouwer and Poliak, 
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are well localized in certain animals; but the integration and nice adjust- 
rnent of some of the functions which ultimately determine the total visual 
response are due to the dynamic pattern of facilitating and equilibrating 
nervous effects. As a guide to the study of cortical localization Marquis 
emphasizes the importance of the principle of encephalization. Herrick 
(1933) summarizes a great deal of our present knowledge in the followin^i; 
statement : 

It is evident, accordingly, that no single formula of cerebral 
localization of function can be written. Each type of performance 
has its own anatomical pattern which must be discoveied by patient 
research. 

In the section which follows there is a discussion of activities which may 
be attributed to the higher centers. The picture as presented attempts 
only to center attention upon the possibility of bringing certain ** phe- 
nomena” of vision into line with the general principles of nervous action. 

Spatial Induction C' Contrast'"). The topic of contrast has probably 
the most unsatisfactory status in the literature of vision. Few of even the 
better known of the experiments on brightness or color induction (e.g., 
that of Pretori and Sachs, 1895) give an answer to the question of mecha- 
nisms. Of the few mechanisms postulated up to the present, the generalized 
concept of McDougall (1901a, 1901^, 1901c), following Rollet, in tcrnii'. 
of nervous mechanisms is of importance in that it stresses the action of the 
brain rather than the retina. The key to McDougalFs idea of contrast 
lies in the notion of the inhibition of less excited cortical color fields by 
the action of more intensely activated color fields' of the same system. 
Thus, in the case of a red field situated contiguous to a white, we might 
expect that the red system activated by the red field would be more intense* 
ly aroused than the blue and green systems which are stimulated by the 
same field. The more intensely excited red would, then, tend to inhibit 
the central red component of the white field and as a result the equi- 
librium excitation of the three white-field systems (blue, red, and green) 
would be disturbed, the blue and green components appearing in excess. 
Thus, the white field would be reported as assuming a bluish-green tinge, 
the contrast effect. The effect would, of course, be also in the opposite 
direction, i.e., white field to red. The further elaborations of this idea 
and its general fruitfulness will appear to the reader who examines the 
writings of McDougall at some length. 

An interpretation of contrast (both color and brightness contrast) in 
terms of central mechanisms appears to be the only one possible after a con- 
sideration of the literature. The facts of binocular contrast alone are 
justification for this conclusion; and recent interpretations by Roaf (1932) 
and Ebbecke (1928) point again to the importance of the central inhibitory 
effect. 

And now let us consider what can be said about possible loci of contrast 
effects. Among others, Helmholtz (1925) was firm in his opinion that 
^^simultaneous contrast’’ is dependent on ‘‘judgment.” Such a statement 
carries the implication that “contrast” is a function of a complex pattern 
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of simultaneously elaborated neural processes, these developing from the 
activity of more than one receptor system and reflecting, in greater or 
less degree, the past history of the subject (cf. section on Binocular In- 
tegrations). Presumably such a coordination would occur at the highest 
levels of the cortex. 

This conclusion is refuted by the results of Hering ( 1890), who demon- 
strated the “lower level seat'' of the process in an experiment which in- 
volved the following procedure. One eye of the subject was stimulated 
with a red field and the other eye with a blue field. Binocular combination 
of these two fields leads to the report of homogeneous purple. On each 
field is placed a giay cross. When the two crosses are so arranged as to 
allow for binocular “fusion" the subject reports that the “fused" cross has 
assumed a greenish-yellow appearance (the “complementary" of purple). 
However, when the apparatus is arranged so that the crosses are not 
“fused," the subject reports two crosses — a green and a yellow — upon a 
purple background. This demonstration shows that the contrast effects are 
induced before binocular color fusion takes place, and Hering concludes 
that color contrast depends on the physiological processes set up by the 
external light in each single half of the visual system. Clearly, these 
results give justification for the position that color contrast occurs at a 
lower level of the visual mechanism than is required for binocular integra- 
tions. In these terms it would seem probable that the “contrast" effect 
occurs below the higher levels of the cortex. This conclusion is supported 
by the clinical evidence of Bruckner (1925) who found that, with injury 
above the level of the lateral geniculate and even in the occipital lobe, color 
contrast can be induced in the injured half of the visual system by stimu- 
lation of the other half. On this basis, Bruckner concludes that color 
contrast is a function of the lateral geniculate body, Sherrington's (1897) 
interpretations of bis results with rotating discs would also locate the 
“seat" of the contrast at a lower level of the nervous system than that 
required for integrative activity. In the axsc of brightness contrast — for 
which Graham and Granit (1931) believed that they had demonstrated 
a retinal synaptic component — it is possible that both retinal aqd thalamic 
processes are mutually functional. 

Within recent year>s the experiments of Allen (1932) have assumed 
importance because they again serve to emphasize the nature of the prob- 
lems encountered in this meagerly investigated field. In addition, they hold 
promise — but probably only with regard to method — ifor an evaluation of 
the central reciprocal functions which undoubtedly underlie spatial induc- 
tion. Few investigators will support Allen's unmodified notions as to 
the mechanisms of “contrast," 

In his monocular experiments Allen (1923i^) demonstrated what he 
calls a “reflex enhancement" throughout a high-inteasity spectrum for 
one half of the eye when the other half is stimulated by any of a series 
of “fatiguing" spectral colors of known wave-length. The predominant 
enhancement — indicated by the increase in flicker fusion above that shown 
without the “fatiguing" light — is in the portions of the spectrum “com- 
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FIGURE 17 

A Typical Monocular “Reflex” Curve 
The “fatiguing” wave-length is 58S mjA. The normal curve^ (dashed 
line) is the curve obtained for the light-adapted right eye without the 
presence of the “fatiguing” light. The diiference between the two curves 
in various regions of the spectrum is indicative of the enhancement 
induced by the “fatiguing” light. Note that the ordinates are not indicated 
as flashes per second; the duration of the flash — hence the reciprocal or 
fusion frequency — ^is plotted. 

(From J, Opt* Soc, Amer*) 

plementary” to the color tested. Figure 17 illustrates the type of 

In his binocular experiments Allen (1923<i) “fatigued” the left eye with 
different spectral lights and determined the fusion frequency in various 
parts of the spectrum presented to the light-adapted right eye. found 
that “the stimulus applied to the left eye was transferred to the right 
eye by some reflex process resulting in an enhancement of the brightness 
of three colors which were always red, green and violet.” The enhance- 
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merits agree in direction with those obtained in the corresponding monocu- 
lar experiments. Later work (1926) has shown that the degree and sign 
of the “reflex” effect are dependent on the intensity. Thus a wave-length 
which at a high intensity will produce an enhancement effect might, at a 
lower intensity, elicit a depression effect. 

Allen’s application of his findings on the “enhancement” and “depression” 
effects to color contrast may be illustrated by the following example. Let 
us suppose that two contiguous retinal areas are stimulated, one by green 
light, the other by yellow. The direct action of the green light will, by 
the trichromatic theory of which Allen is a proponent, cause a high degree 
of activity in the green-receiving system, and a less effect in the red and 
violet systems. The direct action of yellow will cause a high degree of 
activity in the green and red receptors and less in the violet. 

Since experiments show that the visual reflex actions elicited by 
colour act upon all, but predominantly upon its complementary sen- 
sations, the violet and green sensations, which together naake the blue 
that is complementary to yellow, will be much enhanced in sensitivity. 

The direct action of the green light will thereby stimulate them more 
than is normally the case. . . . Blue will therefore be added to green, 
thus modifying it by mixing it apparently with the complementary 
of yellow. 

Similarly the yellow light will act directly upon the red and green recep- 
tors, but due to the reflex action of the green in enhancing the red and 
blue processes of the yellow area, the direct action of the yellow will be 
superimposed upon the reflex red-blue process and the yellow will become 
orange in appearance. “Thus by contrast green appears bluer and yellow 
more orange than they ordinarily do. . . ^ 

At present we have no data with which Allen’s results may be fairly 
compared, particularly on the question of the magnitude of the “enhance- 
ment” and “depression” effects. It is certain, however, that there Is little 
justification for accepting the notion of a visual reflex mechanism which 
leads down to the other retina— or, in the case of the same eye, to adjacent 
receptors — and which, by motor action, changes the sensitivity of the receiv- 
ing elements. As a matter of physiological probability one would be 
tempted to consider such a possibility only if unequivocally demonstrated, 
in the light of our present knowledge it seems that we should be better 
justified in considering the “enhancement” and “depression” effects as func- 
tions of the brain — perhaps as evidences of reciprocal inhibition and facilita- 
tion. However, regardless of interpretation, the field for research which 
is opened up by Allen’s work is one which, when examined, should provide 
valuaWe material for our understanding of contrast effects — ^material which 
is sorely needed. In this type of examination it might be easier to draw 
conclusions if, instead of using Allen’s procedure, we took care to employ 
a “fatiguing” and a test light which were equated in brightness. Under 
these conditions a physiological variation due to induction would appear 
against the background of processes which were presumably equated . in 
“intensity of excitatory effect.” 

Successive Induction ('"A fter-I males'"). Although many careful in- 
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vestxgations have been directed upon the problem of ^‘after-images,” up to 
the present time little has developed from these studies which adds to our 
knowledge of the physiological mechanisms of vision. Experimenters have, 
in most cases, contented themselves with a discussion of complex phe- 
nomenology, and because of this tradition physiologists and psychologists 
have been cautious in attempting to gain information about the visual pro- 
cess from an analysis of the behavior of “after-images.” On the other 
hand, it requires but a moment^s consideration to realize that, despite the 
complexities of the subject and the lack of fruitful concepts, many of the 
activities of successive induction paiallcl those which arc found in the 
relatively simplified conditions of reflex study. 

Successive induction in human beings is characterized by the fact that 
a momentary stimulus may set up a change which lasts for several seconds. 
A longer acting stimulus may also produce effects which continue over a 
long period of time. In this respect the pioblem of “after-images,” as 
Sherrington (1906) and later Fulton (1926, p. 327) have pointed out, has 
much in common with the problem of after-discharge in the motoneuron 
(Creed, Denny-Brown, Eccles, Liddell, and Sherrington, 1932). In the 
case of the eye the problem becomes complicated by the necessity for differ- 
entiating between the contributions of vaiious centers. Specifically, a 
satisfactory analysis of the question requires a determination of the respec- 
tive roles of the retinal units and the brain centers in the after-effects which 
underlie the successive induction processes. Further, the analysis cannot 
be complete unless account is taken of the spatial induction which occurs 
when the synaptic levels are excited. 

There is little question as to the occurrence of after-discharge in the 
periphery. Thus, it has been demonstrated (Adrian and Matthews, 
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FIGURE 18 

Strinc-Galvanometm Record of the Retinal Potential from the 
Cephalopod Eye 

The arrow indicates the rhythmic activity which goes on after illumination 
ceases (duration of illumination indicated by the line above the time line). 
(After Prohlich in Zsch. /. Psychol) 
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1921 a) that in the eye of the eel the retinal off-effect ib translated into an 
off-discharge in the nerve, and Granit (1933) has c(jniirmed this observa- 
tion for the cat’s eye. Frohlich’s string-galvanometer records of the 
retinal potential from the Ccphalopod eye show that during light ex- 
posure there is superimposed upon the typical retinal potential a rhythmic 
sequence of small potential waves (Figure 18). One cannot avoid con- 
sidering that these waves are a function of the activity of the optic neive, 
i.e., synchronized ganglionic discharges (Adrian, 1932rt). In the Cephalo- 
pod eye the small potential waves vary in frequency with the intensity and 
appear only upon or after exposure to light. I'he record in Figure 18 
shows a feature which is of importance for the present discussion. When 
the light goes on, the nerve discharges appear upon the retinal potential. 
However, when the light goes off, activity does not stop. Rather, the de- 
flections continue for a long interval in the dark, and we can well believe 
that, with this as an indication, after-discharge is occurring in the peri- 
pheral nerve units. If it would seem fair to look for similar activity in 
the retinal structuies of the human eye it becomes clear that the initiating 
component of the “after-image” is located. In such terms the initiation 
of the “after-image” lesponse of the subject is due to a continuation of 
activity in the peripheral units after the stimulus has ceased. 

Ebbecke ( 1928) has put forth an interesting account of the interrelations 
of peripheral and central components in successive induction. I'he “posi- 
tive after-image” he attributes to the central excitation set up in the lower 
brain centers by the peripheral after-discharge which follows the cessation 
of illumination on the stimulus-field. This central state is intensified by 
the process of spatial induction which in turn is dependent upon the 
illumination of the field’s surrounds. With the intensification of the 
“field” process comes a lowering of the intensity of the “surrounds” 
process. [Although Ebbecke is indefinite in his account of the mechanism 
which raises the intensity of the “field” process and lowers the intensity 
of the “surrounds” process, it is clear that his reasoning leads to tlie 
necessity for a mechanism similar to that used by Graham and Granit 
(1931) to account for “brightness contrast,” i.e., an interplay of summa- 
tion and inhibition.] The “negative after-image” — at least in certain 
instances — is due to the intensification of the “surrounds” process at the 
expense of the “field” process, this occurring as a central reaction in oppo- 
sition to the primary after-effect. In all of these activities inhibition 
plays an important role. (Summation, too, must make its contribution 
although it is unmentioned by Ebbecke.) Finally, Ebbecke suggests that 
the rhythmic activity of the “after-image” sequence parallels the rliythmic 
inhibitory functions encountered in reflex conduction. 

Such a description as this of Ebbecke’s, general though it may be, is 
probably more satisfactory than, for instance, the much earlier scheme of 
McDougall (1901r). At the present time we should probably not invoke 
cortical fatigue to account for certain secondary effects. As a matter of 
fact, it is likely that we should.be in agreement with Ebbecke in assigning 
most of the secondary effects to centers lower than the cortex. The facts 
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of Spatial induction and their implications for the interrelated problem of 
successive induction would be in favor of this latter position. 

In previous discussions considerable stress was laid on the fact that, 
under proper conditions of illumination, the nerve response of the verte- 
brate eye consists of a series of rhythmic pulsations in the discharge. 
Certain of McDougall’s (1904-05) observations as well as those of 
Frohlich (1922aj 1922Z>) have given results which suggestively parallel 
these observations on the isolated eye-nerve preparation. McDougall 
has shown, for instance, that the primary response of the visual system 
to momentary stimulation by a stationary light of low intensity is reported 
as a single, brief pulse. A stimulus of higher intensity elicits two, three, 
four, or more pulses according to the intensity. “The series is longer and 
the initial pulses are briefer, more intense, and succeed one another more 
rapidly, the more intense is the stimulus.*’ If the stimulus object consists 
of an illuminated radial slit which is allowed to rotate in a dark iield, 
the subject reports that the illuminated area appears to be followed by a 
bundle of rays which together with the slit fill a sector whose angle 
depends upon the speed of rotation of the slit. Figure 19, taken from 



FIGURE 19 

Reported Appearance of the Path of an Iu-uminated 12** Sut Which 
Makes Two Revolutions per Second 
The slit travels clockwise. Note the alternation of dark and light bands. 
(From Brit, J. Psychol) 

McDougall, gives an idea of the reported appearance of the field under 
these conditions. It is seen that the field is not reported as of uniform 
brightness, but is stated to consist of alternate light and dark bands 
(“Charpentier’s bands'') which vary in intensity and width according to 
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the intensity and width of the slit. The angle of the slit in the case of 
Figure 19 was 12° and the speed of rotation was 2 revolutions per second. 

The observation of the travelling object-image by an eye at rest 
yields, then, results concordant in every way with the effects de- 
scribed above as following on brief momentary stimulation of a small 
area of the retina by a stationary object-light. By both methods we 
find that a single momentary stimulus evokes from each retino- 
cerebral element a multiple response, a series of pulses. 

At the present time we are not in a position to say whether or not the 
rhythmic event is due to a retinal synaptic process or whether it occurs 
at a higher level as Frohlich would seem to imply. However, there is 
no alternative to considering the sequence as a definite example of nervous 
synchronization. We have no basis for assuming that synchronization of 
discharge is a function of end-organ activity. 

In further experiments RIcDougall show^ed that, under proper condi- 
tions, the rod response — referred to as BidwelFs ghost — can be inhibited by 
the preceding cone response. (The argument in favor of the view that 
the initial responses are those of the cones depends upon the fact that they 
alone occur to stimulation by homochromatic red light. The response 
termed *^the ghost” is considered to be due to the rods since it usually 
appears only in the dark-adapted eye.) Under the optimal conditions for 
this inhibition of the rod activity by that of the cones, the subject reports 
a single pulse (the chromatic cone response), this being followed after an 
interval of time by the achromatic rod response. That the second re- 
sponse is merely the last of the series of pulses which constitutes the total 
primary response is shown by the demonstration that the inhibited inter- 
mediate responses can be brought out at the will of the experimenter. 
This is done by decreasing the intensity of the stimulating light. With a 
gradual diminution of the intensity the subject reports the presence of a 
second ‘‘ghost” which enters the temporal gap between the cone response 
and the final rod response. “When the light is still further diminished 
these rod-bands begin to preponderate over the cone bands, and a stage 
is reached at which the whole reaction consists of a series of five or six 
dim rod-bands.” Thus, the inhibitory power of the leading cone-con- 
nection activities appears to increase with an increase in stimulus intensity. 

The experiments noted above are all in agreement in showing the im- 
portance of nervous interaction effects in successive induction. Little can 
be gained by canvasssing the literature further. What is required is a new 
body of facts, the result of an attack which has a definite object: the 
determination of the nervous processes concerned in successive induction.® 

Binocular Integrations, The problem of binocular integrations con- 
stitutes the key to all of the so-called “phenomena” of binocular vision. 
Of these, “binocular color-mixture,” “binocular rivalry,” “rivalry of con- 
tours,” etc., are typical examples. At present any evidence derived from 


*For summaries of the literature on periodic after-effects see von Kries (1905) 
and Vogelsang (1928). 
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the studies of these effects is of such a nature as to supply us with little 
in the way of information as to the mechanisms involved. The informa- 
tion so far obtained is purely of a type w'hich indicates whether or not a 
certain kind of interaction occurs at a “low level” or a “high level” of 
the central nervous system. For the purposes of this discussion, “low- 
level” activities may be considered as those which are relatively invariable 
and follow the general laws of reflex conduction. “High-level” activities 
are those which result when more than one of the physiologically discrete 
groups of sensory systems are activated. These latter functions, pre- 
sumably due to the most complicated kind of conditioned cortical activity, 
are differentiated from the “low-level” processes by the fact that they are 
largely dependent on the past history of the organism (in the widest sense). 
In the discussion which follows, no attempt will be made to evaluate or 
review the vast literature on binocular effects. Rather, the findings in some 
of the more crucial experiments are presented, and inferences are drawn 
relating these findings to the problem of neural processes. 

At the present time, from the point of view of the mechanisms involved, 
the problem of binocular integrations presents two definite questions for 
solution: (1) What types of interaction occur, and (2) where do they 
occur? To what extent do the lower brain centers (thalamic and lower 
cortical) determine the degree of integration, and, conversely, what is the 
contribution of the higher centers? 

Many of the early writers attempted to explain binocular integrations 
in terms of interaction between nervous processes initiated at the two 
retinas. Fechner and Hering, for instance, described certain rivalry effects 
as due to. an innate antagonism between the monocular processes, while 
Johannes Muller and Panum (1858) imagined that impulses from cor- 
responding points in the two retinas converge to a center, this convergence 
explaining the singleness of the binocular response [cf . Aubert ( 1 865 ) for 
a discussion of views of earlier workers]. Helmholtz (1925), on the 
other hand, was opposed to any such description. He maintained that, 
since “attention” is such an important determinant of the binocular 
response, it must be true that “the content of each separate field comes 
to consciousness without being fused with that of the other field by means 
of organic mechanisms.” Such a statement might be interpreted to mean, 
in our terminology, that the binocular integration is a “higher-level” 
process involving more than one physiologically separate sensory system 
and probably being dependent on the past history of the subject. 

The conclusions of Helmholtz were upheld by the results of Sher- 
rington’s (1904-05) experiment on binocular flicker, Sherrington made 
use of an apparatus which allowed flickering lights to stimulate “cor- 
responding points” of the two eyes in either synchronous phase or 
asynchronous phase. He determined that there is a small variation in the 
binocular fusion frequency according to the conditions of stimulation. 
Thus, he showed that when the phases of the binocular stimuli are timed 
to fall synckronoudy on “corresponding” retinal areas, the fusion fre- 
quency is slightly higher than that obtained when the stimulating phases in 
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the left and njtht retinas alternate. A sample of his results is given in 
Table 6. As expressed by Sherrington: “From these observations it 
appears that similar phases of flickering illumination if timed to fall coin- 
cidently on conjugate retinal areas do very sUgihlly reinforce each other in 
sensation, and if timed exactly alternately do ver> slightly mutually re- 
duce/^ The slight degree of interaction demonstrated by these experiments 
IS indicative of some degree of convergence between the two retino-cerebral 

'J'AHLE 6 


No of phases pei second just extinguishing flicker 


Subject 


Synchronism of similar 
phases in right and 
left letinas 

Alternation of phases 
in right and left 
retinas 

S C' M.S 


97.3 

95.8 

B.M 


122 3 

118.9 

G V 


123.0 

119.8 

G V 


93.3 

90 6 

G C. 


73.4 

71 8 

C.S.S 


72 1 

69.8 


paths. On the otlicr hand, if we were to accept a state of affairs such as 
that posited by Panum (1858) to account for the integration of monocular 
activities into a unified binocular response, we should assume that the 
binocular integrations arc due to the confluence of nerve processes started 
in the left and right retinas lespectively to a “single common center or 
point of the sensorium.’^ 

Were there t<» exist such a common mechanism situate as a unit 
at conjunction of the two convergent systems and were phases of ex- 
citement timed so as to arrive from one retina as exactly to fill pauses 
between excitations transmitted from the other, then there should 
be evidence of this in the time relations of the phenomena induced. 

'rhe state of excitement should tend to be maintained across periods 
that would otherwise chequer it as pauses, [In terms of fusion fre- 
quency this would mean that the binocular fusion frequency would 
he lower than that of either eye alone.] But the broad outcome of 
the above experhnental observations is that so far from bright phases 
at one eye effacing dark phases at the corresponding spot of the 
other eye, there is hardly the merest trace of any suck interference. 

I'he binocular fusion frequency differs only in minute degree from the 
monocular fusion frequency. 

It appears, then, that these experiments have failed to indicate any 
kind of interaction at converging pathways which would account for the 
binocular integration of the monocular responses. Rather, it is demon- 
strated that the two halves of the visual system act nearly independently 
of each other. There can be little doubt that conducting paths connect 
the two apparatuses, but it is shown that such interconnections are un- 
necessary for the binocular response. 

Many other experiments point to a similar conclusion. For example, the 
binocular color results of Dawson (1917^, 1917^) and Johannsen (1930) 
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are amenable to this interpretation. The observations of van Heuven 
(1927) on the relation between '‘corresponding points” supply additional 
evidence, while Creed’s discussion (1931) of results of DeSilva and 
Bartley (1930) shows that these, also, are compatible with Sherrington’s 
findings. Finally, the results of experiments on “binocular summation” 
at the threshold contribute evidence in favor of the view that the two 
halves of the visual system act nearly independently. Piper (1903<z), in his 
early work on dark adaptation, reported that he had found the binocular 
thresholds to be lower than the monocular, a result which he attributed to 
“binocular summation.” The results were not verified by either Abney 
and Watson (1916) or Graham (1930, 1931 ). Figure 20 gives a presen- 



FIGURE 20 

Dark-Adaptation Intensity Threshoi.d as a Function of Time 
IN THE Dark 

Determinations made for the foveas of nine subjects. Note that the thresh- 
olds for two eyes are practically identical with those for one eye. This 
finding also holds true in the periphery with small (ca, 1®) and large 

{ra, 18®) areas. 

(From J, Gen, PsychoL) 

tation of some of the latter’s findings for the fovea. The results of the 
total investigation show that in the fovea the binocular threshold is that 
of the more sensitive eye; while in the periphery (with large and small 
areas) the monocular thresholds are consistently as low as the binocular. 
Thus, consistent evidence and certain shortcomings in Piper’s procedure 
cause a presumption against summation at the threshold. 

Although the experiments discussed above have demonstrated that func- 
tional interconnections at a 'low level” are not required for the regulation 
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of normal binocular vib.ion, there are observations which indicate that 
interaction at such a level does occur. The variations in fusion frequency 
which Sherrington noted as occurring with alternation of phases and 
chronism of phases are certainly demonstrative of some kind of “lower- 
lever’ interaction, as are probably the binocular effects reported by Allen 
(1923^7), previously discussed. Too, experiments by Gellhorn (1927) 
leave no doubt that there is modification of the response in one half of 
the ret mo-cerebral apparatus due to activity in the contralateral half. 

Results by Creed and Harding (1930) are suggestive on this point. 
These investigators found that in complete darkness a “binocularly pro- 
jected after-image” has a much shorter latent period than a monocular 
one similarly “projected.” Thus, it appears that the monocular effects 
reinforce each other at a relatively “low level” — for it is hardly conceivable 
that a higher integrating process could reduce the latencies of independent 
monocular processes. Rather, one would look for a reversed effect due to 
the delay required in the development of the integrative activity. 

Further evidence on the existence of a typical reflex type of Interaction is 
given in another experiment by the same authors. In this they demon- 
strated that the latent period for an “after-image” in the eye is shorter 
when the other eye is stimulated by a white field than when it is in 
darkness. 

In summary: The experiments described above are definite in pre- 
senting several important facts. Sherrington’s results and those of 
several other investigators show that there is very little convergence in the 
conducting paths leading to the higher nervous centers. It follows from 
this that “low-level” activity cannot account for the existence of certain 
binocular phenomena. Rather, the integration of monocular responses 
into the binocular response appears to occur as the result of a “higher- 
level” effect. However, there can be no question as to the fact that 
“low-level” activities do occur in binocular vision. Their role in normal 
vision is still to be determined. 

Electric Respofises of the Cortex, Our discussion of central effects will 
not be complete without a short account of results obtained by a method 
which, as an instrument for theoretical analysis, is of recent date in the 
study of cortical visual activity, i.e., the method of electrical recording. 
Results by this procedure have contributed little up to the present which 
can be correlated immediately with the general facts of visual activity. 
But, because of the fact that the electrical method has given important 
findings in peripheral nerve (and hence may perhaps be expected to give 
important findings in the higher centers), it seems desirable to include 
in this paper a short account of the results obtained by recording from the 
central structures* 

We ‘may arbitrarily dcwsignate the responses of the optic cortex as of 
two kinds: those which are “spontaneous” in character and those which 
appear on stimulation of the optic nerve. 

Kornmfdicr (1933) has described the spontaneous rhythms of the 
various parts of the rabbit cortex in the absence of external stimulation. 
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The area striata shows a spontaneous activity in the form of slow, rounded 
waves. The area praecentralis exhibits a different form of behavior; the 
characteristic responses from this area occur at high frequency and con- 
sist of relatively sharp spikes. Other structures show characteristic po- 
tential changes, and Kornmuller concludes that the different types of 
electrical effects are directly correlated with different types of cellular 
structure. These findings are in accord with similar determinations by 
Fischer (1932). 

The observation of ‘'spontaneous’’ activity in the cortex has been veri- 
fied by all investigators who have recorded from this part of the body. 
The presence of such activity indicates that the excitation set up by peri- 
pheral stimulation can only appear against and modify the background 
provided by the “spontaneous” action. 

The cortical responses which accompany stimulation of the eye by light 
have been examined by Fischer (1932) and Kornmuller (1933). Both 
of the authors find that the characteristic changes are sharply localized in 
definite areas: principally in the area striata, but to some extent in 
neighboring regions, e.g., the area peristriata (rabbit). The t 3 'pical e '•ect 
as described by Fischer is as follows. When the light goes on there 
occurs, after a latent period, a rapid, sharp change in potential which, 
on attaining a maximum, drops more slowly toward the base line furnished 
by the “spontaneous” activity. Following this variation there is a longer 
one which rises and’ then, with continuation of light, sinks slowly. When 
the light goes off, the process is generally repeated, although variations 
may enter as determined by the experimental conditions. Thus, with in- 
termittent stimulation, the primary wave and the off-wave are fused. The 
similarity of these cortical potentials to the retinal potentials is striking. 
The formal correlation ot these effects presents a most important problem. 

Bartley and Bishop (1933) have examined the cortical response to 
electrical stimulation of the optic nerve by condenser discharges. They 
report that the electric response of the occipital cortex consists typically 
of a series of five major components- occurring at approximately one-fifth- 
second intervals. An analysis of the first component of the series shows 
it to be composed of two waves: one monophasic with a low threshold, 
and the other diphasic with a high threshold. Ordinarily the two waves 
are superimposed. The authors have been able to show by surgical con- 
trol experiments that the potentials are those from cells, synapses, and 
specialized endings rather than from nerve fibers. According to Bishop 
(1933) the excitability of the optic pathway undergoes cyclic changes. 
In order to determine the temporal characteristics of this effect Bishop 
used the following procedure. A rate of intermittent submaximal elec- 
trical stimulation was found which wotild cause a constant cortical re- 
sponse for each cycle of stimulus, i.e., stimulus and cortical cycle' were 
synchronized as nearly as possible. When this rate had been found each 
stimulus cycle was made to consist of two shocks, the second following 
the first at varying intervals, but with the first synchronized with the 
nervous cycle. 
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By applying? the second stimulus at varying times after the first, 
keeping the first in constant phase with the cortex, an interval 
was found such that the second of the responses was of equal height 
with the first. If the first was in the “maximar' part of the cycle, 
the second was smallei on either side of the critical interval; if 
the fiist was minimal, the second was larger when thus out of phase 
. . The cycle of ihythmic excitability in the optic pathway so de- 
tected . . was somewhat more than one-fifth second. 

If maximal stimuli are used the c}cles become altered and it appears that 
a maximal stimulus may excite all or at least a constant number of 
elements of the pathway regardless of the phase they are in, and in so 
doing force them all into the same phase. In these circumstances the 
refractory period of the phase appears aftei a longer interval than that 
found with submaximal stimulation. This modification or overcoming 
of the refractory condition in some of the pathw^ays seems to be brought 
about by summation of effects arriving over many optic nerve fibers, and 
it indicates that the projection pathway from one point in the retina to 
a corresponding point of the cortex is multiple and subject to the functions 
which take place at points of convergence. 

The results obtained by Bishop and Bartley are not directly comparable 
with those obtained by Fischer and Kornmuller. This might be due to 
any number of differences in procedure, of which the most obvious differ- 
ence is in the matter of methods of excitation. Bishop and Bartley’s 
stimulation might quite reasonably be expected to parallel the type ob- 
tained with a short flash of light at high intensity, while neither Fischer 
nor Kornmuller used such conditions of stimulation. Undoubtedly fur- 
ther research will give us a more generalized picture of the events taking 
place, and on this basis we shall be better able to fit together the indi- 
vidual investigations into the general outline. One of the more promis- 
ing lines of attack involves the use of drugs for analysis. Already 
Bartley (1933) and Fischer (1932) have obtained results by this pro- 
cedure. 

Conclusion 

The foregoing intjuiry has been concerned with a discussion of the 
neural components of the visual response. Obviously, some of these are 
better understood than others. It has been shown, for instance, that there 
is good reason for supposing that the visual end-organ discharge presents 
a picture similar to that obtained by Adrian and his co-workers with 
other sensory endings. Too, the activity of the retinal synapses can be 
described in terms of well-established reflex concepts. Such activities as 
summation and inhibition are demonstrable in the synaptic layers of the 
retina. The brain processes in vision are less well understood. How- 
ever, here, too, many of the ^low-level*' activities present a picture which 
is compatible with that obtained in studies of reflex function by Sherring- 
ton and his collaborators. Certain aspects of the brain processes are yet 
obscure — notably those involved in higher integrations which involve ex- 
citation of more than one receptor system* 
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Nothing has been said about the theoretical implications of the activi- 
ties discussed. Such terms as “inhibition/’ “summation,” “after-discharge,” 
etc., have been used as implying specific types of neural behavior. The 
synaptic mechanisms of the processes form another subject — one which 
can be understood only by reference to the reflex literature (Creed, Denny- 
Brown, Eccles, Liddell, and Sherrington, 1932; Eccles and Sherrington, 
1931^, 1931^; Sherrington, 1906; Fulton, 1926; etc.). There is no reason 
for assuming at the present time that the synaptic processes in the activi- 
ties which have been the subject of this paper differ in any fundamental 
way from those inferred from the activity of the reflex preparation. 

Finally, the discussion has given abundant evidence to show that the 
visual response is not a direct representation of the excitation in the end- 
organ or afferent pathways. Trains of impulses which reach the central 
nervous system by way of the peripheral nerve fibers are modified by and 
combined with impulses from similar and dissimilar end-organs. The 
modification and combination sometimes appear as summation, and some- 
times as inhibition — and sometimes a higher integrative process is involved. 
The further study of these effects will advance greatly our knowledge of 
the underlying components of the visual response. 
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CHAPTER 16 


AUDITION: I. AUDITORY PHENOMENA AND 
THEIR STIMULUS CORRELATIONS 

H. Banister 

Cambridge U niversity 
L Sounds 

When we say we hear, we mean, usually, that we experience sensa- 
tions which have been produced by the excitation of the auditory mechan- 
ism. These elementary experiences, by means of which we are aware 
of so much with regard to the external world, through which we can 
receive the thoughts of others, and which contribute so largely to our 
aesthetic enjoyment of life through poetry and music, are called sounds. 
Yet such sounds have no objective existence; outside ourselves all is 
quietness. Externally there are simply bodies in vibration. If these 
vibrations are communicated to the ear, they may, provided they lie 
within certain limits of amplitude and frequency, be perceived as sounds. 
Unfortunately for clarity in thinking, the word “sound^’ is used in an 
objective way as though the sound existed as a sound independently of 
ourselves. We say, “Did you hear that sound?” when a gun is fired, 
while we should say, “Did you hear that explosion?” for it is the ex- 
plosion caused by the firing of the cartridge which is perceived; external 
to ourselves are waves of compression and rarefaction in the air, nothing 
more. But custom is strong, so with this warning the word “sound” 
will be used in what follows in the two ways in which it is commonly 
used («z) for the subjective experience, and {b) for the origin of the 
source of that experience. 

Physics of Sound, Sound -waves are initiated by bodies in vibration, 
and for their transmission some material substance is necessary. An elec- 
tric bell in a hermetically sealed glass jar can be seen and heard to ring; 
if the air is pumped out it can still be seen to ring, but it is no longer heard. 

The vibrations are longitudinal, that is, in the direction in which the 
waves are traveling; they are strictly analogous to the closing-in and 
opening-out of the carriages of a train when shunting operations are in 
progress. The adjacent particles of the air, or other substance, through 
which the sound waves are traveling, are alternately compressed and 
exp^ded ; the wave advances, but the individual particles remain relatively 
stationary, moving to and fro about a mean position. The same kind of 
phenomenon is to be observed with water waves. A boat at sea rises and 
falls as a wave passes it ; the wave travels on, but the boat and the water 
remain. The boat and the water, however, move up and down in a 
direction at right angles to that in which the wave is traveling; with 
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sound waves the movement is backwards and forwards in the direction 
in which the wave travels. 

Though the direction of the movement of the particles of the medium 
which transmits sound waves is along the direction of travel, it is custo- 
mary to represent the sound wave as though it were a water wave (see 
Figure 1). This may cause a little difficulty when one endeavors to 



FIGURE 1 

visualize what is happening. It is to be remembered that where the wave 
crest is shown, e.g., at A and Ej the particles are closest together; at the 
trough, B and F, they are widest apart ; and at C and D they are in their 
normal state of proximity to their neighbors. Waves may vary in ampli- 
tude of vibration {Aa) and in wave-length (AE)» The greater the 
amplitude, the more powerful the waves. Since waves travel with the 
same velocity in a uniform medium/ the frequencies with which waves 
of different wave-lengths pass a given point will vary. Waves of long 
wave-length will be less frequent than waves of short wave-length, and 
there will be strict proportionality between the wave-length and the fre- 
quency. In symbols, — is constant for all waves in the same medium, 

where A is the wave-length and f is the frequency with which the waves 
succeed one another. 

The velocity of travel of sound waves varies with the medium. It is 
about 330 meters per second in air, as compared with about 520 meters 
in glass and 1435 meters per second in water. 

The vibrations may be of innumerable kinds: they may be simple 
to-and-fro movements similar to the swing of a pendulum, as represented 
in Figure 1 ^ (which tracing might have been obtained by moving the 
paper along in a direction at right angles to the direction of the swing 
of the pendulum bob, to which a marker had been attached) ; or they 
may be more complicated as shown by the dotted line In Figure 2; or 
more complicated still as in Figure 3. 

The simplest kind of vibration, that of the bob of a long pendulum 
when the amplitude of the swing is small, is called “simple harmonic 
motion.’’ It will be noticed that the curve of Figure 2 is made up of 
two simple harmonic curves. This is an example of a general law, first 
formulated by Fourier, that any periodic motion, however complicated, can 


*There are exceptions, for example, when waves are conveyed through air 
in tubes and when they are due to explosions. 
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FIGURE 2 

A Compound Wave Made Up of Two Simple Hvrmonics 

be analyzed into components, each one of which is simple harmonic. This 
is a very important law for students of hearing:. It enables us to explain, 
on physical grounds, variations in “timbre.” 

Sound waves ssuffer reflection, as evidenced in echoes; and, if the 
medium through which they travel is not uniform, the waves are re- 
fracted (bent) * cold air, for example, transmits sound waves more slowly 
than hot, with the result that sounds are heard at much greater distances 
on cold than on hot davs — on cold days the waves are refracted down 
towards the earth where the atmosphere is cold and travel along the 
surface; on hot days they are bent upwards and pass over our heads. 

Besides reflection and refraction, sound waves, owing to their long 
wave-length, can bend around corners even though they travel in a 
uniform medium — they suffer what is called diffraction. It is owing 
solely to the shortness of the wave-lengths that light travels in straight 
lines. By using appropriate methods light waves can be shown to bend 
around corners. With water waves, diffraction is easily observed ; a boul- 
der is an impassable obstacle to small ripples; but, wdth a wave of long 
wave-length, the water moves up and down equally on both sides of the 
boulder — at the far side the water rises and falls as it would if the boulder 
were not there. Similaily with sound waves. They bend around corners. 
With waves of long wave-length and low frequency, the wave motion 
is just as great at the far ear as at the near; but as the wave-length 



FIGURE 3 

A More Complicateo Wave Which Can Be Analyzed into Simple Harmonic 

Waves 
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becomes shorter the far ear is shielded more and more by the head, till, 
with very high frequencies, there is possibly no wave motion at all at 
the far side. 

If we study the wave motion around a boulder (/?) in the sea, we 
notice that the waves rise and fall synchronously at opposite points (a 
and b), where the line joining them is at right angles to the direction in 
which the waves are traveling; while at other opposite points, e.g., c 
and d, there is, as a rule, no correspondence; a crest at d will correspond 
with a trough or any other state at c, depending on the wave-length and 
the size of the boulder. This difference of level, which obviously 
depends on the amplitude of the wave and also on the wave-length, is 
spoken of as a difference of ‘*phase ,^^2 difference of phase taking into 
account the wave-length and the amplitude. 

IL Pure Tones 

Tone, Suppose that we have a body which can vibrate with ^ all 
possible frequencies from 0 to 40,000 or 50,000 complete vibrations 
(from any given position, to the extreme in one direction, back to the 
extreme in the other, and then on to its initial position) per second; 
that the body vibrates with simple harmonic motion ; and that the 
amplitude of the vibration is adequate (we shall discuss this adequacy 
below). Then when the frequency is very low, nothing will be perceived; 
as the frequency is increased, a ‘‘flutter’^ will be observed, which 
is localized in the tympanic membrane. This ‘‘flutter** seems to 
be due to the vibration of the tympanic membrane and perhaps, to a 
lesser extent, to the arousal of tactile sensations in the walls of the ex- 
ternal auditory meatus. It is clearly a tactual, not an auditory, sen- 
sation, and is probably due to the excitation of the nerve fibers, with 
which the tympanic membrane and the external auditory meatus are 
furnished. On further increasing the frequency, an auditory sensation 
is aroused, which may be accompanied by the tactual sensation. This 
auditory sensation is at first very faint and has no discernible pitch. 
Gradually, however, as the frequency is increased, the tactile sensation 

®This holds strictly only when the motion is ^‘simple harmonic.” 
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may disappear, and the sound takes on the quality of a pure tone of very 
low pitch. The tone now passes through the whole gamut of tones, 
eventually becoming a very pronounced ^‘'hiss,” again with no determinable 
pitch, before fading rather suddenly away as the frequency becomes too 
high for auditory perception. 

Tone Character. A perfectly pure tone probably never exists in nature; 
but, with reasonably pure tones, there are marked differences in quality — 
low tones appear voluminous and massive, high tones thin and piercing; 
low tones again have a n vowel quality; high tones, an i quality. ^ 

Limits of Hearing. Much work has been done with the aim of 
determining the limits of the frequencies which produce auditory sensa- 
tions. The lower limit has been variously estimated from 9 to 12 
cycles/sec. (Appunn, 1887) to 26 cycles/sec. (Achmatov, 1925). The 
determination is very difficult, for not only is it dependent on the dis- 
crimination between an auditory and a tactile sensation but also, owing 
to the difficulty of obtaining absolutely pure tones, it is always possible that 
the auditory stimulus perceived w'as not the one it was thought to be (an 
overtone might, for example, be mistaken for the fundamental) especially 
since frequencies below 40 cycles/sec. lose their distinctive pitch character. 
Another f'^ctor affecting the results, and one which was not fully recognized 
at first, is that at the auditory limits the magnitude of the vibration must 
be nicely adjusted, as we shall later (Fowler and Wegel, 1022; Lane, 
1922), if an auditory sensation is to be produced. Recent research places 
the lower limit somewhere in the neighborhood of 20 cycles/scc., with large 
individual variations. The upper limit of hearing, which was placed at 
about 200,000 cycles/sec. by the earliest investigation, is now generall> 
considered to be not more than 20,000 to 25,000 cycles/sec. 'fhe upper 
limit shows a considerable low’ering with age. In music, the lowest note of 
the organ is about 16.5 cycles/sec., and the highest note of the piccolo, 4752 
cycles/sec. 

Pitch. As we have seen, the pitch of a pure tone varies with the 
frequency of the vibrations, if we exclude the frequencies at the extremes 
which have no pitch. Tones of low pitch have few, tones of high pitch 
have many vibrations every second.® It is customary, therefore, to 
designate the pitch of a tone by the frequency. But this is not an exact 
description, for many people hear the same tone as being of different 
pitch with the two ears (diplacusis) (Knudsen, 1923; Revte, 1914). 
This may occur throughout the whole tonal range, though it is often con- 
fined to certain frequencies. The difference in pitch between the two 
ears may amount to a semitone, and in experiments on localization the pitch 


*It is difficult to assign any reason for the use of the words * **high^’ and “low” 
in connection with pitch. Perhaps it is because the chest is the resonator used 
principally when singing low notes, while the resonators for high notes are in 
the head. This may be one reason why an indiferent singer tends to stand 
on tip-toe when endeavoring to reach a note which is a little beyond his compass. 
There is, however, some experimental evidence for the view that high tones arc 

phenomenologically higher in space than low notes (Pratt, 1930). 
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may form the basis of the judj2:ment of the apparent source of sound. Also 
the pitch of a low tone may vary with its loudness, becoming; lower as the 
loudness increases (Knudsen and Jones, 1925; Ziirmuhl, 1930). 

Pitch Discrimination, The smallest perceptible difference of pitch, 
the differential threshold, varies with the frequency of the tone. At the 
upper and lower limits, discrimination is very poor, but in the middle 
ranges discrimination is good and can, musicians maintain, be greatly im- 
proved in the average person with practice. Stumpf (1890), for ex- 
ample, could discriminate differences of 0.25 of a cycle at 200, of 0.28 at 
400, and of 0.24 at 600 cycles. This discrimination is very fine. It is 
remarkable too in that the differential threshold is not in agreement with 
Weberns law, i.e., the difference in frequency is not proportional to the 
actual frequency. On this point the findings agree with those published 
by Luft in 1888. He obtained thresholds of 0.23 at 256 cycles, 0.25 at 
512 cycles, and 0.22 at 1024 cycles. These and other findings have given 
rise to the statement that pitch discrimination is perhaps the one sensory 
function which does not obey Weber’s law. But later investigations 
(Stucker, 1907; Vance, 1914; Knudsen, 1923) indicate that probably 
Weber’s law holds for differences of frequency in the middle range. 
In the figure, the data of the two latter experimenters are shown. Vance 
(1914) experimented with tuning forks; Knudsen (1923), with tones 
produced by an electrical oscillating circuit. 



FIGURE 5 

(From H. Fletcher^s “Physical Measurements in Audition,” FrankVm instiU, 

1923, 196, No. 3.) 
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At 256 cycles/sec, the minimal perceptible difference, according to 
Knudsen, is given by A N/N = 0.004. 

A N = 0.004 X 256 
= 1-024 

The difference limen depends to a certain extent on the intensity of 
the tone. For sounds of low intensity the limen is considerably higher 
than for normal intensities. The maximum sensitivity is obtained when 
the physical intensity is not less than about 10® times the intensity of 
the absolute limen. 

It is easier to dicriminate differences of pitch with binaural than 
with monaural hearing, and also easier to tell that two notes differ in 
pitch than to say which is the higher. 

Minimum Nmnber of Vibrations for the Perception of Tone, There 
has been much discussion as to the minimum number of vibrations which 
are necessary to produce the perception of a tone. Determinations are ex- 
tremely hard to make and conclusions which are drawn from experiments 
must be accepted with reserve. Although only two vibrations may be 
initiated, as in Kohlrausch’s experiments where two teeth attached to a 
pendulum struck a card, it is impossible to insure that the ear does not 
receive more than two waves, for there may be reflection of the waves to 
the ear from neighboring objects. 

Bode (1907) gives the following as being the minimum number of 
vibrations necessary for the determination of pitch: 


Freq. d.v. Number of vibrations necessary 

for pitch determination 
Weak intensity Medium intensity 


m 

12.3 

— 

256 

— 

17.6 

384 

24.08 

17.1 

512 

29.64 

21.8 


Root (1928), using a siren disc in which two holes were punched, found 
that air blown, once only, through these two holes was sufficient to enable 
the perception of a single discrete sound possessing pitch and, what is 
perhaps more remarkable, that frequencies between 40 and 1008 cycles/sec. 
the pitch was recognizable. 

If the tones are of very low intensity, many more vibrations are neces- 
sary ; two or more seconds even may be required for the perception of their 
pitch. 

Tonal Islands and Gaps. Gaps have often been found in the range 
of frequencies which can be heard. Stewart (1920) reports that he finds 
such gaps in most subjects. Bunch (1922) also considers that they are 
more common than is ordinarily thought. But others suggest that these 
‘*gaps’’ may be only regions of reduced sensibility; that the tones can be 
heard if their intensity is sufficiently increased. At the same time there is 
another alternative. Tones when increased in loudness become more noisy, 
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and it may be that it is the noise which is heard and that the particular 
tones themselves are not heard. 

Loudness. When the amplitude of the vibrations of a source of sound 
is extremely small, we are not aware of the fact that the body is vibrating; 
but as the amplitude is increased there comes a stage when we perceive 
that something is being heard, but cannot tell what. The sound has no 
pitch. It is a very faint indeterminate sound, which gradually acquires 
tone character as the intensity is increased. The tone then increases in 
loudness, the pitch becoming at the same time less clearly defined. At a 
certain intensity, a sensation appears which becomes acutely painful as the 
intensity is still further increased. 

It would seem that the latter sensation is extra-auditory. It is observ- 
able at approximately the same intensity by abnormal and normal ears. 
This intensity is about that required to excite the tactile nerves in the 
finger-tips. It is presumed, therefore, that the sensation is tactual, and 
that it is due to the activation of the nerves of the tympanic membrane, 
etc. Reger (1933) finds that the threshold is raised in those whose 
tympanic membranes are perforated or missing. 

The intensities necessary to produce the auditory and tactile sensations 
vary with the frequency. In Figure 6 are shown the variations in pres- 
sure which, it is suggested, produce these sensations. The abscissa gives 
the frequency, and the ordinate, the estimated root mean square change in 
pressure on the ear-drum. For calibration purposes, the pressure due to 
the air vibrations in a chamber of approximately the same volume as the 
external auditory meatus was measured. Since these pressures were 
obtained on the assumption that the external auditory meatus and the 
tympanic membrane are rigid, they are approximations only. 
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Minimum Intensity for Audition* Extreme difficulty is found in deter- 
mining the absolute threshold for audition, i.e., the least physical stimulus 
which will produce an auditory sensation. Since the physical stimulus is, 
in general, due to vibrations in the air, it may be measured in various 
ways. The earliest experimenters expressed their results in terms of the 
amplitude of the vibration. Toepler and Boltzman (1870) found that 
the minimum amplitude was 200 X lO”^ cm. for a tone of 180 
cycles/sec. from an organ pipe; Rayleigh found that an amplitude of 
12.7 X 10"® cm. was sufficient for a 256-cycle tuning fork, while, for a 
frequency of 2730 cycles/sec. obtained from a whistle, this amplitude 
was reduced to 8 X 10“® cm. The present tendency is to express the 
intensity in terms of the root mean square of the change in pressure on 
the tympanic membrane (dynes per sq. cm.), as has already been in- 
dicated. The average sensitivity for normal ears varies from .15 
dynes/cm.^ at 60 cycles to .001 dynes/cm.- at 1000 cycles, at which value 
it remains constant up to about 4000 cycles. Thereafter the sensitivity 
rapidly decreases. All such results must be considered as approximations 
only. In this field, more than in most, are individual differences and vari- 
ations in the same individual during the course of an experiment to be 
found, while the effects of different methods of presentation of the stimu- 
lus are most marked. It appears that the automatization of the re- 
sponses produces a lower threshold and more consistent results; while 
distraction of attention by other mental occupation, such as reading or 
working out problems, also results in a lowered threshold (Travis, 1926). 
These liminal sensations take time to develop, and many of the variations 
found may be due to the difficulty in recognizing the sound. Practiced 
observers often report that before the point of recognition is reached 
some effect of a sensory nature is certainly produced, which may, for 
example, be thermal or tactile in character. There is something, they 
maintain, which is very different from positive silence, though no auditory 
stimulus is perceived. Such sensations, as has already been indicated, 
probably have their origin outside the inner ear. I'hey are most noticeable 
in a slightly deaf ear (Smith and Bartlett, 1917; Fowler and Wegel, 
1922). In fact there would seem every reason to suppose that most 
auditory stimuli produce tactile as well as auditory sensations. It is only 
when the former become excessive that they are noticeable under ordinary 
circumstances. 

The question whether the threshold for two-eared hearing is lower 
than that for monaural hearing is still unsettled. Gage (1932) finds 
that the threshold with both ears is approximately the same as that of 
the more sensitive ear alone. 

Maximum Intensity for Audition. In Figure 6 the upper curve shows 
the average pressure (48 ears) which was required to produce a tactile 
sensation in addition to the auditory sensation. In the middle range, 
the sensation is one of pricking. It becomes acutely painful as the intensity 
is fpirther increased.'* The curve of pain is very indefinite. For lower 

^^Even a deaf mute, though he has no sensation of tone, is able to fee! such 
excessive stimulation” (!Bangsbury 1927). 
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frequencies, the sensation is milder; at about 60 cycles/sec, it bcxomts a 
flutter. For lower frequencies still, the auditory and tactile sensations 
become indistinguishable. The maximum intensity for audition^ may well 
be taken as that at which the tactile sensation can just be perceived. 

It has been suggested that the upper and lower frequency limits for 
audition be taken at the two points at which the minimum and maximum 
audibility curves intersect. These, on extrapolation from present data, 
would give the limits at about 20 cycles/sec. and 24,000 c>cles/sec. 

Intensity Difference Limen, With modern physical developments, 
measurement of this limen has become easier, and the data obtained, for 
example, by Wien, who used a telephone which was placed near the mouth 
of a Helmholtz resonator, and by Deenik, who worked with tuning forks 
and organ pipes, have been found to be more accurate than might be 
expected. 

In the investigations of Knudsen (1923) and Riesz (1928) the cur- 
rents from two oscillating circuits were led to a telephone through an alter- 
nator, which was so arranged that, as the connection between one circuit 
and the telephone was broken, the connection between the second circuit 
and the telephone was made. Knudsen made these alternations by hand 
and by motor. Riesz used a motor and found that the optimum results 
were obtained when the change was made about three times a second. 

Since both circuits were in tune, the observer heard a continuous 
tone with fluctuations in loudness if the two tones differed perceptibly in 
this respect. The intensities, which were measured, were varied and the 
limen was obtained. 

It was found that Weberns law held, provided the intensity "was not 
less than 10® times the minimal audible intensity. 

An average of Knudsen’s results for four tones of 400, 1000, 2000, 
and 4000 cycles/sec. is given in Figure 7. Riesz/s results agree fairly well. 
He used seven tones, from 35 to 10,000 cycles/sec, and found that while 
Weber s law held for each tone it varied from tone to tone, lying between 
0.05 and 0.15 as compared with Knudsen^s 0.09 and 0.1 1 for a more 
limited range. 

^ Riesz calculates that the ear can distinguish about 370 tones of different 
intensity between the thresholds of audition and feeling at 1300 cycles/sec. 

Knudsen and Jones calculate that the normal ear can appreciate about 65 
gradations of loudness for a tone of 32 cvcles/sec., and that 270 gradations 
can be appreciated at 512 cycles/sec. For very high as for low tones the 
gradations between the minimum and maximum limits of 
audibilitv aie very few. 

The Measurement of Loudness. The problems of the quantitative meas- 
urement of the magnitude of sensory processes, and even whether such 
measurement is possible, have given rise to much controversy. Some 
maintain it is possible, and Fechner evolved a formula whicli gave a numeri- 
cal value to the magnitude of a sensation. Others deny the possibility of 
measuring a sensation. We shall not discuss the various arguments put 
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FIGURE 7 

Minimum Perceptible Differences in Intensity 
(From H. Fletcher’s ^‘Physical Measurements in Audition,” /. Franklin InstlU 

1923, 196, No. 3.) 

forward. Some references will be found in a paper by Richardson and 
Ross (1930). 

There is, however, one way in which some of the practical problems 
connected with the measurement of, for example, loudness can be met, 
without any assumption bein^ made as to the possibility or impossibility 
of measuring loudness. Loudness depends on many factors: it depends 
on the background of the sound ; it depends on the direction of our atten- 
tion, for a sound which we may perceive easily if our attention is directed 
to it may be inaudible if our attention is directed elsewhere ; it depends on 
our visual field (Lou, 1929) ; and so on. One of the chief factors 
affecting loudness is the energy of the sound, and many have used the 
two terms ^^loudness'* and ‘^intensity^’ as synonyms. 

Since loudness varies with intensity, the Bell Telephone Laboratories 
have suggested (Fletcher, 1929) that the loudness of a given pure tone 
should be taken as a standard, and that its loudness should be expressed 
as a function of its intensity. Then, if any other sound (5) is judged 
to be equal in loudness to the loudness of the standard pure tone {A) when 
its loudness is the loudness of the second sound (JS) will also be 
In this way no assumption is made as to the possibility or impossibility of 
measuring loudness. The definite statement is made that sound (B) is 
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as loud as sound {A) when the intensity of the latter is of a certain mag- 
nitude, and this statement is true within the limits of the experimental 
determination of the equality of the loudnesses. 

The Bell Telephone Laboratories suggest that a tone of 1000 cycles/sec. 
be taken as standard and that a logarithmic scale of energy be constructed 
to represent loudness. Then, by definition, the relative loudness, Lo and 
Liy of this standard tone at any specific physical energy values, Eo and £i, 
will be given by the equation 

Lii/ Li^logio-fiji/ E^i 

This is a purely theoretical scale and does not signify any fixed mathe- 
matical relation between the perceived values of the loudnesses. 

To build up an absolute scale the minimum energy, £s, necessary to 
produce an auditory sensation is taken as the standard, so that the loud- 
ness, sometimes and more properly spoken of as the “sensation level, of 
the sound of energy, jEj., is 

logioE,r/Es. 

If a second sound of any pitch whatever is compared experimentally with 
the standard sound and is found, perceptually, to be as loud as the stand- 
ard sound at the same point, the loudness of this second sound is 

logioEj,/Es. 

The term “beF’ has been proposed for the unit on the scale. The ratio 
of the energies which will give this is 10:1, since logic 10=1. This unit is 
large. Hence, for general use a unit one tenth the magnitude of the bel, 
the “decibel,” has been proposed. The ratio of the energies which gives a 
decibel is given by 

logio-i'e/ 1/ 1 0. 

Reference to logarithm tables shows that this occurs when 

Total Number of Pure Tone SensrUions, Since we know the range 
of frequencies and intensities which give rise to auditory sensation, it 
is possible, if we know also the difference limens for frequency and in- 
tensity, to determine the total number of pure tone sensations which can 
be discriminated, each one from every other, in either pitch or intensity, 
or in both. Such calculations have been made. It appears that, in all, 
their number is over 300,000 — Knudsen puts the number at 324,000. 

III. Compound Tones and Noise 

Impure Tones, So far our discussion has been confined principally to 
a consideration of pure tones, which are found, when examined, to be 
siniple harmonic vibrations of a single frequency. But most 
of the sounds with which we deal in ordinary life consist not of pure 
mnes with a single frequency of vibration but of mixtures and com- 
binations of frequencies which produce perceptually different effects. 

In most of these sounds there is an easily discernible pitch, though in 
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FIGURE 8 

(From D. C, Miller’s The Science of Musical Sounds. New York: Macmillan, 

1916. F. 196.) 



FIGURE 9 

(From D. C. Miller’s The Science of Musical Sounds. New York: Macmillan, 

1916. P. 203.) 
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FIGURE 10 

(From D, C. Miller’s The Science of Musical Sounds, New York: Macmillan, 

1916. P. 200.) 
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some it is not so easy to find. Yet there is a distinct difference between 
the pitch of the rustling of the leaves in the trees and the booming of the 
breakers on the seashore, between the prattling of the brook and the roar 
of the city traffic. 

Timbre, A note played by a violin is not mistaken for the same note 
on the piano or on the trombone ; the tones have different qualities accord- 
ing to the instruments by which they are produced. This difference in 
quality is called '‘timbre.’* It depends on the strengths and numbers 
of the various overtones which are present. Tracings of the vibrations 
of a violin tone (Miller, 1916, p. 196), of a horn (p. 203), and of a 
clarinet (p. 200) arc given in Figures 8, 9, and 10. Each of these curves 
can be analyzed into its constituents, in accordance with Fourier’s theorem, 
and the overtones present and the strength of each can be determined. 


Such an analysis of the tones produced by the four strings of the violin 
shown in Figure 11 (Miller, 1916, p. 198). 
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FIGURE 11 

Analyses of Violin Tones 

(From D. C. Miller’s The Science of Musical Sounds, New York: Macmillan, 

1915. F. 198.) 

The scale at the bottom shows the various overtones up to 15. (For 
some complex tones as many as 40 overtones may be identified.) It 
will be seen that the strings have very different characteristics. The 
fundamental is strongly marked in the E string (this being indicated by 
the thin triangle over 1), the first overtone is relatively weak, the second is 
strong, while the rest of the overtones are almost negligible. To be 
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contrasted with this is the vibration of the G string, which has very 
pronounced overtones, the first, second, third, and fourth being each more 
powerful than the fundamental. It is owing to these differences between 
the overtones of the vaiious strings, with their consequent differences in 
quality, that the violin — and also the ’cello — ^enjoys such preeminence 
as a solo instrument. A skilled performer by playing on the string he 
wishes can obtain very great variety of timbre. He can also change the 
timbre of any given string in innumerable ways by his manner of bowing, 
etc. Legato, staccato, and spiccato each produces its own peculiar effect. 
Experiments with frequencies from 150 to 1200 cycles/sec. show that brief 
sounds which last for less than 7j4 or 8 cycles do not possess the charac- 
teristic timbre of the instruments which produce them (Boumann and 
Kucharski, 1929). It must not be forgotten that the analysis shown in Fig- 
ure 11 is that of a particular violin, and that violins differ greatly among 
themselves; as a general rule, however, the sounds they produce are 
prominent in the first four overtones. 

That the “timbre” of a tone depends on the overtones has been demon- 
strated in two ways: {a) if an electric filter, which eliminates the higher 
frequencies, is introduced into the receiving circuit of a wireless set, the 
tone of a violin sounds like that of a tuning fork; and (^), conversely, 
by combining a number of pure tones of the correct frequencies and in- 
tensities, a single tone may be produced which sounds like that of a violin 
or any other instrument. 

Though a tone may contain many overtones, the latter are seldom per- 
ceived by the untrained ear except by their effect on the timbre of the 
tone. A little training, however, enables the novice to pick out some 
of the overtones present, for example, in the note given by a monochord. 
The wire is made to vibrate and, as the tone dies away, the wire is 
gently touched at the center with a fine paint-brush. This effectively 
stops the fundamental, and the first overtone is heard. If attention 
is concentrated on this overtone and the wire made to vibrate again, the 
overtone will be easily recognized. In the same way, the presence of 
higher overtones mav be demonstrated. 

Pitch of Pure and Compound Tone, The frequency of a compound 
tone, such as w:e have been discussing, is that of its lowest frequency, but 
its pitch is usually slightly higher than that of a pure tone of the same fre- 
quency. The more pronounced the overtones, especially the higher ones, 
the higher the pitcli appears to be. As a corollary to this, one finds that 
the pitch of a tuning fork rises as the fork is moved slowly away from 
the ear; distance is supposed to reduce the strength of the fundamental 
tone proportionally more than that of the overtones. 

Physical Criterion for Determining the Pitch of a Tone, We have 
already seen that removing the higher frequencies of a complex tone alters 
the quality but not the pitch (excluding the slight effect noted in the pre- 
ceding paragraph) of the tone. It has been shown (Fletcher, 1924) that 
the lower frequencies also may be eliminated with a similar result. For 
example, the vowel ah sung at a frequency 145 cycles/sec. had the same 
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pitch and fundamental when the fundamental itself and the first, second, 
sixth, and higher overtones were eliminated; the third, fourth, and fifth 
overtones alone were sufficient to cause the hearing of the original fre- 
quency (145 cycles). In general, the elimination of the fundamental and 
of the first two or three overtones had little or no appreciable effect on the 
quality or pitch of the notes of a rich baritone or contralto voice; but the 
quality of these voices was noticeably affected it the higher overtones 
were eliminated — even though all the overtones below the fifteenth were 
present. With a high soprano, on the other hand, the elimination of the 
higher overtones affected the quality very little. Thus the elimination 
of frequencies above 2000 cycles/sec. was found to produce the surprising 
result of spoiling the quality of the low voice more than that of the high. 

The fact that the pitch of a compound tone may be much lower than 
that of the lowest of its constituents was confirmed synthetically. For 
example, any three consecutive tones of a series of ten, with frequencies 
100, 200, 300, etc., to 1000 cycles/sec., such as 300, 400, 500, or 700, 
800, 900, etc., gave a compound tone of the same pitch, viz., 100 cycles/sec., 
but of varying quality, provided the intensity was not too low. With 
frequencies of 600, 800, and 1 000 the pitch was similarly 200 cycles/sec. 

The explanation of these phenomena is to be sought in the non-linearity 
of the auditory mechanism, owing to which the various difference and 
summation tones are produced.® If the fundamental and first few over- 
tones are eliminated from the air waves which fall on the tympanic 
membrane, they are reintroduced (though not in their original strength) 
before the waves can excite the hair-cells of the organ of Corti owing 
to the physical properties of the ear. 

Masking. If two forks of different frequencies (the difference 
of frequency being sufficient to avoid beats are sounded together, it 
is found that the higher tone disappears first. If the lower fork is 
now damped, the higher tone will again be heard. The higher tone is 
said to have been masked by the lower. 

It was at one time thought that a low tone would completely mask 
higher tones of considerable intensity but could not be masked by 
the higher tones, however intense. This is not correct. A low tone 
does not mask a tone of much higher frequency to any marked degree, 

while a higher tone will mask a lower if the difference in pitch is rela- 

tively small and the higher tone is more intense, provided the difference 
in frequency does not produce beats. Figtire 12 from Fletcher (1923^') 
shows the masking effect of a tone of 800 cycles/sec. on various other tones. 

The sensation level of the 800 frequency is shown as abscissa, and the 
threshold shift, i.e., the number of sensation units by which any other 
given tone must be increased for it to be heard in the presence of the 

masking tone, is represented by the ordinate. For example, if the 


*These phenomena are discussed in Section IV. 
®Beats will be discussed in Section IV. 
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Sensation level of Fp 
FIGURE 12 

(Redrawn from H. Fletcher’s “Physical Measuiernents in Audition,” J. Franklin 
InsUU, 1923, 196, No. 3.) 

sensation level of the masking tone is 60 units, it will completely mask the 
other tones as follows; 
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According to the data given in the figure, if the components of a complex 
tone of 800, 600, and 2000 cycles/sec, have sensation levels of 50, 10, and 
5 units respectively, the 600 frequency will not be heard, since the 800 
tone will mask a 600 tone of 13 units of loudness. If the complex tone 
is amplified so that the sensation level of each component is increased by 
20 units, the levels of the components will be 70, 3(), and 25 units. Now 
the 600 frequency will be heard, but the 2000 frequency will have disap- 
peared, since an 800 frequency of 70 units will not mask a 600 fre- 
quency of over 18 units, but will mask a tone of 2000 frequency of 30 units. 
Hence, we see that amplification may change the quality of a complex 
•sound very considerably. This is one factor in the distortion and change 
in quality caused by loud-speakers. 

It is suggested that these facts can be explained on a resonance theory 
if we allow for the harmonics which are introduced through the asym- 
metrical functioning of the auditory apparatus. 

Comparatwe Loudness of Pure Tones, The differences in quality 
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of tones of high and low pitch make a comparison of their loudness 
difficult, and masking effects accentuate the difficulty. Helmholtz noticed 
that of two tones of the same amplitude the higher sounded the louder, 
and subsequent observers have confirmed hia observations. Recently 
MacKenzie (1922) and Kingsbury (1927) have endeavored to make direct 
measurements'’^ of the comparative loudness of tones. The former used 
a flicker method, the tones to be compared being presented to the 
ears alternately at the rate of about 25 alternations a second. When 
sounds are presented in this wav, the louder tone appears to be inter- 
rupted, while the quieter tone seems to form a continuous background of 
tone into which the louder tone bursts. As this phenomenal difference 
appears to vary with intensity only, MacKenzie suggests that the sounds be 
considered to be equally loud when this distinction cannot be made. This 
assumption — that the loudnesses of the two tones are equal when both arc 
heard equally; when one tone does not appear to irrupt on to the other 
which appears to be continuous — ^must be accepted with care. It is one 
way of defining equality of loudness but this equality may or may not be 
the same as that measured in other ways. 

With this definition of loudness it was found that if two tones, A and /o, 
were judged equally loud, and if the loudness of another tone, /;j, was made 
equal to that of then the loudness of f\ was found experimentally to be 
equal to that of /s. The pressures in the ear were then calculated, 
and it was found that for any two frequencies, /j and /o, the results could 
best be expresssed in the form 


logio Pfi = A + B logic Pf2 


where P/i is the root mean square pressure of the tone fi at the tympanum 
when /i was judged equal in loudness to /a, its pressure being Pf 2 
and A and B are constants for the two frequencies fi and / 2 , A rep- 
resenting the relative sensitivity of the ear for these two frequencies and 
being dependent only on the pressures at the threshold of audition of 


the two tones, i.e., on the absolute limens, while 


L 

B 


is the relative sen- 


sibility, i.e., the relative differential Hmen, at the two frequencies and is 
•constant for the range of frequencies from 100 to 4000 cycles/sec. 

Kin^bury used a somewhat similar method, but allowed each of his 
22 subjects to vary the intensity himself and to listen to each tone for 
as long as he wished when making the comparison. He found that, if the 
amplitudes of pure tones are increased in equal ratios, the loudness of 
low frequency tones increases much more rapidly than that of high 
frequency tones, but that for frequencies above 700 d,v./$ec. the rate is 
nearly uniform. 


^Practically all the more recent work has been made possible owing to the de- 
velopment of the triode valve. 
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Beats from tones of low pitch disappear before the roughness stage is 
reached, while with high frequencies the rattle ^‘becomes a chirp.” 

Intertone, If two tones sounding together are producing beats and 
one of the tones is stopped a change in pitch is observ-ed. The pitch of 
the beating tone, as experiment easily shows, lies between that of the 
primaries. This intei mediate tone is called the ‘‘intertone.” It carries 
the beat. Eberhardt (1922) reports that with primaries giving eight beats 
per second two intertones w^ere to be observed when the intensities of the 
primaries were equal, or approximately equal. One of these tones was 
near the pitch of the louder and higher primary, the other was three to 
five vibrations above the lower primary. 

Except when the primaries are very close together they can be heard 
together with the intertone. 

Combination Tones, If two similar tones of the same pitch, e.g., 500 
'cycles/sec,, are sounding, beats will be produced if the frequency of one is 
increased. As the frequency of the beats is increased and, while the beats 
and tactile sensations in the meatus are still to be perceived, a tone of 
low pitch gradually creeps in and rises in pitch as the frequency of the 
higher primary is increased, lliis tone is the first difference tone, and its 
frequency is equal to the difference between the frequencies of the two 
primaries. On this account this tone is sometimes spoken of as a “beat’* 
tone,**^ and the fact that a resonator will pick out the beats and resonate 
to them has been adduced as evidence for considering the difference tone 
as a beat tone. But observation shows that both beats and the difference 
tone may occur together, so that a description which implies that beats 
and difference tones are due to the stimulation of the same sensory nerve 
endings is not correct. Beats and difference tones are, in all probability, 
due to the stimulation of different parts of the basilar membrane. Their 
formation is simply explained on a resonance theory of hearing. 

Besides the first difference tone, of frequency {ni — ra), when m and n 
are the frequencies of the two primaries, various other tones with fre- 
<iuencies equal to other combinations of the two primaries may be heard, 
‘e.g., ; (m-f-2w), etc., and {2n — m), etc. These tones are classed 

together as combination tones; those formed by adding together the fre- 
quencies of the primaries (or multiples of these) are called summation 
tones in contradistinction to the difference tones whose frequencies arc 
given by finding the difference between the frequencies of the primaries 
(or of multiples of the primaries). 

The first difference tone is produced both externally in the air, where 
it may be reinforced by resonance, and in the ear, where the other com- 
bination tones are generally supposed to be introduced, owing to the 
asymmetry of the conducting parts. Since cases are recorded of individuals 
who perceived combination tones after loss of the drum of the middle-ear 
apparatus (Schafer, 1913), it would appear that they may arise in the 
inner ear itself. This, from a physical point of view, would be expected. 


“This view was put forward by Young in 1800 . 
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Combination tones were at one time supposed to be produced most easily 
by strong primaries. The mathematical theory follows on the assumption 
that the displacement of the vibrating mechanism is not strictly propor- 
tional to the force causing the vibration, and it was presumed that this 
would occur principally for large vibrations. But the vibrating mechanism 
is so asymmetrical that the primary assumption holds even for tones of 
weak intensity, which should be used for observation. The best results 
are obtained when the primaries are equally intense. 

Beats and combination tones are objective in the sense that they are 
produced before the excitation of the sensory nerves. They can be pro- 
duced only by the waves from the two primaries reaching the same ear 
and are not obtained when the primary tones are led to the two ears 
separately (Banister, 1926^). 

Bone Conduction, We have seen that air-borne sound waves, if suffi- 
ciently intense, may set up vibrations in the tympanic membrane which 
will cause a tactual sensation. It is also well known that the foot of a 
vibrating tuning fork applied to the mastoid process, or better still to the 
teeth, can be heard distinctly, the vibrations being transmitted through 
the bony framework of the head to the cochlea. In this way beats and 
combination tones, very definitely localized in the ears, are produced when 
a suitable tone is led to the ear through a tube and the cochlea is stim- 
ulated by another tone by bone conduction. 

These facts, and some experiments performed by Mader in 1900, 
have raised the question whether sound waves reaching one ear in the 
normal manner by air transmission may not be conducted through the 
head to the other ear. Mader^s experiments are not convincing. He 
experimented on two human heads which had been preserved in formalin, 
one of which had the top of the skull and brain removed. A 
specially constructed microphone, placed on various parts of the bones of 
the heads, indicated that the bones were set into vibration when sounds 
were led to the ears. Though the microphone was set into vibration, one 
hesitates to accept the inference that the vibrations were communicated 
through the bones of the head. Nikiforowsky (1912) was unable to^ 
obtain any evidence for such bone transmission, and many other experi- 
ments designed to test the assumption have failed to produce any evidence 
in its support (Banister, 1926r/). 

It appears that, though transmission of sound vibrations through the 
head is not impossible, the amount of such transmission, when air-borne 
waves fall on one ear, is exceedingly small. Fletcher (1923i) found that 
it was necessary to increase the stimulus at one ear 1,000,000 times over 
its threshold value before the minimum threshold value for a tone at the 
other ear was affected. 

Binaural Beats, When tones slightly out of tune are led to each ear 
separately, the phenomena are very different from the beats observed when 
the tones are led to the same ear or excite the same cochlea directly. A 
periodic change, the period being the beat frequency, is observed, and to- 
this phenomenon the term ^‘binaural beat^^ is applied. 



H. BANISTER 


901 


As with the monaural beats, one tone is heard which may change 
slightly in pitch, but in place of the waxing and waning of intensity there 
is a peculiar swinging of the apparent source of the sound from one side 
to the other, at a rate equal to the difference in the frequency of the 
primaries. The amount of the swing depends on the frequency of the 
primaries. With primaries of low frequency the movement is from one 
ear to the other with a lingering at the ears; with increase of frequency 
the lingering at the ears decreases; and with higher frequencies the move- 
ment becomes more and more restricted till, at frequencies variously esti- 
mated at from 2000 to 4000 d.v./sec., it is so minute that it cannot be 
discriminated. 

This phenomenon depends on the fact that the waves arriving at the 
two ears stimulate what may be called “corresponding points’* and give 
rise to the perception of a single tone. This tone appears to originate 
from a single source. At the same time, since the frequency of one tone 
is slightly greater than that of the other, the waves stimulating that ear 
arrive at an earlier time, as compared wuth the waves which stimulate 
the other ear, till at last they are one whole wave-length in advance. 
This is exactly the effect which would be obtained if a source of sound 
were moved from the median plane so far to one side that the difference 
in the lengths of the paths of the sound to the two ears were half a wave- 
length, and if then the source were suddenly at an equal distance on the 
other side and gradually moved to the median position again. The sen- 
sations are, in fact, so interpreted. The locus of the movement depends 
on the individual. Some subjects report that the locus is semicircular or 
elliptical in front; others that it is behind or over the head. Also it may 
be external or internal to the head. These individual differences are 
probably secondary and not due directly to the auditory sensations. 

These phenomena were not observed by the earliest investigators, prob- 
ably because the two tones were not suiSciently isolated, with the con- 
sequence that each ear was stimulated by both tones, and monaural beats 
were produced in the ordinary way. Both S. P. Thompson and Rayleigh 
observed the beats as the apparent movement of a source of sound, and this 
has since been fully substantiated (Valentine, 1927). 

If the phenomenon gives rise to the judgment that the source moves 
nearer or farther away, a corresponding change in loudness is reported. 

After^-Sensations* As the auditory sensation takes time to develop, so 
the sensation persists after the stimulus ceases. 

The amount of the persistence has been estimated in various ways. 
Helmholtz took as a measure the rate at which two notes could be alter- 
nated in a trill, without fusion of the two consecutive sensations into one 
sensation. Abraham used the same method, obtaining the trill from a 
siren with two rows of holes producing different tones and blocking such 
holes in the two rows that the two tones were sounded alternatelv. 
Others (Mayer, 1894; Urban tschitsch, 1881 ; Weinberg and Allen, 1924) 
have used a “flicker^* method, the tone being interrupted a certain num- 
ber of times a second, and the persistence obtained from the maximum 
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time of interruption to produce a continuous sound. But all these methods 
must give persistence times greater than the true persistence times, 
since they include both the waxing and the waning. Bishop (1921) 
experimented by cutting out the sound altogether and calling for intro- 
spective reports. The experiments are very difficult owing to the im- 
possibility of insuring that vibrations are not communicated by the source 
after it is supposed to have been cut out. He found no evidence for 
a positive after-sensation, i.e., for a continuance of the tone, after the 
stimulus was removed, but “modified endings’" were reported. These he 
ascribes chiefly to apparatus noises, but of this there is no proof. It may 
be that the sudden cessation of the stimulus produces vibrations in other 
parts of the basilar membrane, causing a sensation of no definite pitch as 
would be expected on a resonance theory of hearing, so that the modified 
ending may be, in part, sensory. 

Theie is no evidence for a negative after-sensation. 

Consonance and Dissonance 

The juusical scale. In music the various tones are named according 
to the first seven letters of the alphabet. The middle note of the piano 
is called middle C. For scientific purposes this tone, which is usually 
written c\ has a frequency of 256 cycles/sec.; the frequency of used in 
music has a slightly higher frequency, about 270 cycles/sec. 

When two tones, the frequency of one being variable, are sounded 
successively or together, it is found that certain frequencies fuse much 
more readily than do others. These frequencies give a unitary impression 
when sounded together, and when one only is sounding it may be confused 
with the other even by practiced musicians. The tones most frequently 
confused are those whose frequencies are in the relation of 1 :2. Such 
tones are said to be the octaves of each other. Thus the octaves of middle 
C (256) are the octave above, c^, with a frequency of 512 cycles/sec. and 
the octave below, c^, with a frequency of 128 cycles/sec. The octaves 
higher still, c®, c'^, etc., have frequencies of 1024, 2048 cycles/sec,, etc., 
while those below, co, Ci, have frequencies of 64, 32 cycles/sec., etc. 

After the octaves, whose frequencies are in the ratio 1 :2, tones are 
found to fuse together more readily the simpler the ratio of their fre- 
quencies, e.g., when their frequencies have the ratios 2:3; 3:4; 4:5; 3:5; 
5:6. But frequencies with these ratios do not fuse so readily as do the 
octaves 1 :2. 

The frequencies, relative to c^, which fuse most easily are, therefore, 

3 

of 2$6 ~ 3S4 cycles/sec. — the frequency of the fifth above middle C 

2 

4 

— • of 255 == 341.3 d.v./$ec. — ^the frequency of the fourth above middle C 


^Kucharski thinks that any persistence there may be must be extremely small. 
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5 

— of 256 “ 320 cvcles/bec — the frequency of the major third above middle C 

+ 

5 

— . of 256 ™ 426.6 cvcle^/sec — the frequency of the sixth above middle C 

3 

6 

— of 256 ~ 307 2 cvcies/sec, — the frequency of the minor third above middle C 

5 

It is from these frequencies that the musical scale is constructed. This is 

d' e' a' b" c“ 

256 2S8 320 341.3 384 426 6 480 512 

It will be seen that all the frequencies calculated above, except that of the 
minor third, fit into the above scale. The minor third falls between the 
second and the major third. 

It is possible to calculate the frequencies of a scale be^:inning: with any 
of these frequencies. For example, the fifth and sixth of f*, which should 
give c“ and d^, respectively, are 

3 

— of 341.3 512 cvclch/sec. 

2 

5 

— of 341.3 = 568.8 cycles/sec. 

3 

Though the fifth gives exact agreement, the sixth does not — ^we have 
a new frequency 568.8 for d^ whereas we need a frequency of 576 for 
d- when it is played in the scale of And so it is found that an enormous 
number of tones are required if music is to be played in tune in every 
possible key. To overcome this difficulty, the octave is divided for 
practical purposes into twelve equal intervals called semitones, the equality 
of the interval being dependent on the ratio of the frequencies, not on the 
numerical difference in the frequencies.^^ 

Theories of consonartce. When two tones are sounded, each will 
have its own overtones, while the two together will produce combination 
tones. Any two of these numerous tones will produce beats if their 
frequencies are sufficiently close together. ^ If these beats are sufficiently 
powerful they will give a roughness, cutting the tones up into separate 
pulses, which will be decidedly unpleasant. This, according to Helm- 
holtz ( 1 895 ) , is the cause of dissonance. Consonance, on the other hand, 
is a continuous even flow of tone, undisturbed by beats, the tones being 
also bound to each other owing to their having coincident partials. 

Stumpf (1890, Sees. 19 and 20) considers this explanation insufficient. 
There are many dissonant intervals, he maintains, whose partial and com- 

is for this reason that, in almost all the diagrams and in the tpt, equal 
distances represent equal ratios of frequencies, not equal numerical differences. 
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bmation tones are too far apart to produce beats, e.g,, 700:900, 
800:1100, while many intervals, e.g., the third in the lower octaves, 
remain consonant although the frequencies of the two tones are sufficiently 
near to one another to produce beats. He considers tonal fusion to be 
a psychologically elemental unity, incapable of further analysis; but he 
does not explain why certain frequencies fuse and others do not. It may 
well be that common overtones are one of the chief factors in consonance, 
using that term in the strict sense. But the consonance of isolated inter- 
vals, which most investigators have so far studied in the psychological 
laboratory, is a very different thing from pleasantness or unpleasantness 
m music. In music it is not the isolated concords or dissonances which 
are perceived, but sequences: The individual chord is perceived in rela- 
tion to what has preceded it and to what is expected to follow. Thus 
it comes about that a harmonious whole may consist largely of dissonances. 
Experimental work on musical appreciation is proceeding (Vernon, 1934), 

V. Auditory Perception op Space 

Auditory Space. Into the auditory perception of space, many and 
various extra-auditory factors enter. For several reasons our unaided 
ears are ill qualified to perceive space so that when a sound is heard it 
is not with our ears alone that we endeavor to localize the source; per- 
haps even more we search with our eyes. Into the whole process, there 
enters a tendency to turn towards the source when localizing the posi- 
tion; even when no movement occurs, the muscular set is probably there. 

The importance of the eye is well illustrated in some experiments of 
Young (1898). He had ear-trumpets fitted in front of his ears, the ear- 
trumpet on the right side leading tu the left ear, the trumpet on the 
left to the right ear. In consequence, his auditory cues were reversed — 
a sound on the right appeared to come from his left, e.g., a horse 
trotting down the street from left to right was heard as going from 
right to left. But, and this is the important point, if he saw the source 
of the sound, the visual cues were dominant. When the horse was seen 
as well as heard, the visual cues dominated the situation; the horse was 
perceived as going in the proper direction — left to right. At the end of 
18 days, during the last three of which the trumpets were worn con- 
tinuously (except when in bed, when the ears were plugged), sources 
of sound were correctly localized if the eyes were used; yet, with eyes 
closed, every trial gave right-left reversal. So that, though our localiza- 
tion of a source is not solely auditory, our ears furnish the clues. It is 
the nature of these auditory clues which will be considered in what 
follows. 

One of the^ many reasons why our auditory perception of space is 
so ina<xurate is the fact that sound waves, unlike light waves, do not 
travel in a straight line. They are deflected from the straight-line course 
by the wind, and even^ in still air the direction of travel is changed owing 
to temperature variations. They bend around obstacles by diffraction 
and suffer reflection at so many surfaces that the direction from which 
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the sound waves which excite the ears actually come may 
different from the true direction of the source. This is well 
in the case of echoes: we hear first of all the sound waves from the 
source near us and after a time we hear the sound waves coming from 
another direction altogether after reflection by some building or mountain, 
though we know the source is by our side. The wonder is that, with 
the immense number of trains of waves which under ordinary conditions 
reach our ears from various directions, all emanating from one source, 
we are able to perceive with any accuracy whatsoever the true direction 
of the source. In open country the primary wave travels in a more or 
less direct line from the source and is much the most dominant wave, so 
that the localization of the source of the sound is more accurate ; 
yet the localization of the source, even by wild animals, is not absolutely 
accurate, though it is sufficiently so in general. The animals are enabled 
to orient themselves towards the direction of the source for which 
they search with their noses and eyes. 

Besides these physical difficulties, perception of the direction of a novel 
sound source is further handicapped by the fact that the single ear has 
no means of discriminating differences of direction between approaching 
sound waves. It has nothing which corresponds to “local sign.’^ In this 
the ear differs from the eye. In the eye, images of objects in different 
directions are formed at different points on the retina, the angular dis- 
tances between the retinal images being strictly dependent on the angular 
distances separating the objects. Yet, in spite of this fact, an individual 
totally deaf in one ear can often judge with fair accuracy both the 
direction and distance of well-known sound sources, either because he 
recognizes the source and knows where it is, as, for example, a motor 
passing his house in the street outside; or because he recognizes differ- 
ences in the quality, loudness, or other attributes according to the position 
of the source, as, for example, the variations in the loudness of a 
pistol-shot with distance. 

But, ruling out all such “complications*^ which are perhaps the most 
important in ordinary life, the single ear is no better qualified to tell 
the direction of an unknown source of sound than the single eye is to 
estimate the relative distances of two unknown objects situated alone 
in space. With two ears we can, however, tell direction within certain 
well-defined limits; to perceive the distance of an unknown and un- 
familiar source of sound a third ear would be necessary — in normal life 
familiarity enables us to judge distance approximately owing to the 
“complications.** 

The limits just mentioned of our powers of perceiving direction are 
due to the fact that it is the appreciation in some manner, which will 
be discussed below, of differences between the wave motions at the two 
ears which furnish the data for the perception of direction, and it is evi- 
dent that the differences produced at the points A and B, which we may 
take to be the two ears, by a source at E would also be produced by the 
source if it were at any other point on the circle E F G H — ^in other 
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words, the ears can give direction only on the surface of a cone; on the 
information as given by the binaural differences there can be no discrimina- 
tion between a source at E and one at G. But here “complications^^ 
help — ^we are accustomed to deal chiefly with sources on the earth, hence, 
if the source is known to be external, it is usually located on the ground 
level, seldom in the air unless it is recognized as coming from a bird or 
from an aeroplane. Deer and other wild animals practically never look 
up into trees, and a dog, brought up in the country, if spoken to when 
outside, from an upper window, will not look up; he will look in the 
right direction, but at his own level. In experiments on “sound” locali- 
zation, when the ears are stimulated separately, great variations in actual 
localization are found between individuals : some maintain that the 
phenomenal effect is that of a source moving round the head in a hori- 
zontal plane behind them, others report that it is as though the source 
moves in a vertical plane, while for others the source seems to move 
in an intermediate position. All these positions are equally correct 
interpretations of the auditory sensations. It is an interesting fact that 
most observers localize the apparent source behind the line joining the 
ears, and often, especially when telephones are used, inside or very close 
to the cranium, while blind observers state that it seems as though the 
source were in front of them — the apparent source is practically never 
below the level of the ears.^^ 

Realizing the numerous factors which, in ordinary life, enter into 
our auditory perceptions of direction, what are the important factors in 
sound waves for such perception? In what does the wave motion at 


have only once out of thousands of observations had a report from a 
normal subject that the source appeared to be lower than the line joining the 
ears. This was when an observer noticed a tuning fork on the ground. Blind 
observers will say, **It is as though the sound comes from a point there on the 
table in front of Mathieson (1931), however, reports that localization below 

the line of the ears is more common. 
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one ear vary from the wave motion at the other ear? It must be some 
differential effect which enables us to perceive the direction from which 
the sound waves approach. 

The sound waves emanating from any given source may differ at one 
ear from those at the other in many ways, viz., in (a) amplitude, the 
vibrations being greater at one ear than at the other, so that there are 
binaural differences of loudness; in (b) form, for, as we have seen, 
the head is a greater obstacle to waves of short wave-length than to 
waves of long wave-length. The result will be that the vibrations at 
the far ear will be simpler than those at the near ear if the vibrations are 
complex, for at the latter ear the shorter wave-lengths will be more 
prominent; in (c) phase, for the vibrations will be “in phase” if the 
source is in the sagittal plane (the plane at right angles to the line 
joining the ears), while there will be a difference of phase at the two 
ears as the source is to the right or left of this plane; and in (d) the 
time of arrival of the same part of the wave at the two ears. This is 
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not the same as (c) (phase), for, if two waves of different frequencies, 
and therefore of different wave-lengths, start at the same time from 
a source (5), Figure 14, the difference between the times of the arrival of 
the same given waves at A and at B will be the same for both frequencies, 
since the velocity of sound in air is independent of frequency, but the differ- 
ence in phase at A and B for the longer wave will not be the same as the 
phase difference for the shorter — the difference of phase of the shorter 
wave will be less than that of the longer in the circumstances shown in the 
figure. 

All these factors have, at one time or another,^ been put forward as 
being at the basis of our ability to localize, and it seems probable that 
they all, supplemented by the various “complications’’ which have pre- 
viously been noted, assist, with the possible exception of “phase,” which 
was at one time strongly championed. 

Intensity differences were at first considered to be most important, 
though Ravleigh pointed out that for sounds of low and medium pitch 
the head offered no impediment so that for these sounds intensity differences 
would not exist. At the same time, since practically no sound is pure, it 
was always open to argument that, because the head was a considerable 
obstacle to waves of high frequency and short wave-length, the higher 
components were shut off at the farther ear and that this resulted in 
intensity differences, and that, at any rate, there would be differences in 
timbre. That this was not a satisfactory explanation, Rayleigh himself 
showed in an experiment"'^ in which he altered the relative phases of the 
same sound at the two ears, keeping the intensity and the timbre at the 
two ears constant. He demonstrated that the apparent position of the 
source varied, as the waves arrived at one ear before the other, in spite 
of there being no change otherwise. 

Wilson and Myers (1908) then put forward their hypothesis that, for 
low frequencies, direction was perceived on the basis of the phase difference 
at the ears. Assuming that when one ear is stimulated by a sound wave 
the excitation is transmitted through the bones of the head to the other 
ear, and making further assumptions which need not detain us here, 
Wilson and Myers showed that this difference of phase resulted in a 
difference of intensity at the two ears, the intensity being greatest 
at the car nearest the sound source. The hypothesis receives a certain 
amount of experimental support, for many observers give the same judg- 
ment of direction for the same difference of phase over a range of 
frequencies. But we have to remember that we all have position habits; 
that accurate perception of direction is not necessary in ordinary life — 
a general idea of the direction accompanied by searching with the eye 
being more useful ; and that the direction is not constant for a given phase 
difference. The displacement to one side depends also on the frequency, 
being less for high than for low frequencies, if the phase difference is 

*^yleigh (1907) used an apparatus for varying the phase which has been 
elaborated by Stewart (1920) and used extensively in his investigation. 
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constant. The whole hypothesis has recently been subject to very close 
scrutiny, which has not resulted in a finding in its favor (Banister, 
1926Z^). 

The time-difference hypothesis was later put forward on the basis 
at first of experiments with ‘‘clicks,” i.e., of sound waves, complex in 
form and of very short duration. It has since been extended to the expla- 
nation of the perception of the direction of waves from a continuously 
vibrating source. 

According to this hypothesis (Banister, 1926i) an appreciation of the 
interval of time between the arrival of the same sound wave at the ears 
furnishes the locahV^ation cues. If the source is in the median plane, 
the successive waves arrive at the ears synchronously; if the source is 
to one side, the waves reach one ear before the other, the maximum in- 
terval of time being that necessary for sound waves to travel from one 
ear to the other. 

It is suggested that when a sound wave falls on the tympanum, forcing 
it in and out, a certain group of fibers of the basilar membrane, depending 
on the frequency of the exciting tone, vibrates up and down. If the sound 
source is in the median plane the corresponding groups of fibers in the 
two cochleae will vibrate together; if the sound source is to the right, the 
fibers in the right cochlea will be slightly ahead of those in the left ear by 
an amount depending wholly on the difference between the distances of 
the source from the left and the right ears. 

Now it is improbable that the nervous impulses are initiated during 
the upward movement of the basilar membrane fibers. They are 
initiated when the fibers are moving downwards and the cilia of the hair- 
cells are under tension. The impulses will therefore be shot off in 
pairs from the two cochleae, the impulses from the right cochlea leading, 
if the source is on the right. An appreciation of this time difference, 
Banister suggests, gives the clue for localization. What happens when 
the impulses reach the cortex, and how the temporal difference comes 
to be interpreted as a difference in direction, must for long be a matter 
of pure conjecture. On the assumption that the cochlea functions in 
this way, and taking account of the “all-or-none” nature of the nerve 
response, an explanation is offered of all the known facts of localization, 
from the apparent locali^iation of many sources when the pitch is high 
to the ambiguity of localization which occurs when the time difference 
exceeds a certain maxinnum. This time difference corresponds approxi- 
mately to the distance round the head. 

On this hypothesis, too, it is obvious why complex sounds are so 
much more easily locali^^cd than purer tones. With complex sounds, 
the same cues are being furnished by large numbers of fibers; with pure 
tones but few cues are available. 

Volume. Sounds hare volume. Some are small, compact, and point- 
like; others are big and voluminous and occupy much space. Tones 
of high pitch are small ; tones of low pitch are large. 

Volume, according to Watt (1917), is one of the elementary attributes 
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of sound. He associated it with the wave-length of the sound. Physio- 
logically, volume, he said, corresponded with the length of basilar 
membrane affected by the tone which, in turn, corresponded to the area 
of the strip of the cortex excited. Against this hypothesis it may be urged 
that it fails to explain why the discrimination of change of volume is 
coarse as compared with that of change of pitch. The pitch of a tone, 
according to Watt, is determined by the position of maximum disturbance 
of the basilar membrane, which is, he states, at the middle of the length 
affected by the tone. From this it follows that for unit change of pitch 
there will be a change in volume in which the one dimension varies by 
two units, and this shortening is always from the broader end of the 
basilar membrane since the higher tones are heard through the vibration 
of the end of the basilar membrane which is nearest to the fenestra ovalis. 
Therefore, any change in pitch is always accompanied by a much larger 
proportional change in volume. How is it then that the large changes 
are so difficult to follow? And how, on the other hand, is it that a 
change in pitch, which is solely a change in the prominences or orna- 
mentations of the outline of the volume, a very slight shift of an apex 
to the right or left, is appreciated without the much larger change in 
the whole being sensed? 

One can but wonder what are the functions of the nerve endings and 
of all the complicated structures of the upper half of the basilar membrane 
if they are to serve neither for pitch discrimination nor for volume. 
For the lowest pitches, one would expect volume changes to be compara- 
tively inappreciable and pitch discrimination to be very fine. Yet here, 
Watt states, the reverse is true: volume changes can be appreciated, not 
pitch changes (1917, p. 29). 

But all this might be explained were it not that the volume of a 
given tone is not constant — <not only does it vary from individual to 
individual, and in the same individual from day to day, but also it 
varies in the same individual from moment to moment, while the pitch 
remains, save in exceptional cases,^^ constant. Since the pitch of a pure 
tone is determined, according to Watt, by the middle point of the volume, 
it must be impossible to have a change in volume without a change in 
pitch. Yet such changes occur continually, for example, with both lo- 
calization and intensity. May it not be, as has been suggested (Ban- 
ister, 1927), that the description of a sound as having volume is due to 
the fact that, for some reason or other, the "‘direction*' from which the 
sound waves reach the ears is not definite? The suggestion made is that, if 
the direction is clear and unequivocal, the “sound" is judged to be small; 
if it is indefinite, its volume is judged to be great; it will vary with the 
amount of the indefiniteness. If this is so, it is to be expected that sounds 
of low pitch will be more voluminous than sounds of high pitch, for the 
former, owing to their long wave-length, bend around obstacles and are 


**Where there are binaural diferences of pitch* (diplacusis). 
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reflected to the ears from all directions, whereas sounds of high pitch travel 
much more definitely in straight lines. 

From our consideration of the auditory localization of sources of 
sound, we have seen that the chief factor in such localization, when the 
binaural intensities are constant, is the difference of time between the 
arrival of the waves at the two ears. It is obvious that for a given angular 
movement of the source (5), Figure 15, the time difference produced at 
the ears will be a maximum when the source is in a direction XX, at 
right angles to the line joining the two ears, and a minimum when it 
is in the direction YY in the line of the ears, JB, 

So we would expect to find that a “sound’' localized in the median 
plane had a greater volume than one localized in the aural axis, for 
a slight movement, e.g., of the head, causes a much greater change in 
the apparent direction of the source in the median plane — a well-known 
experimental fact. Young (1928), loo, in his experiments with trans- 
posed hearing, found that volume seemed' to change with precision of 
localization. Sometimes a sound was heard precisely at a single spot. 
At other times, the same sound was larger and was visualized as covering 
an area, A sound, vaguely “off at the right,” appeared more diffuse 
than when definitely localized. Most interesting of all were the un- 
localized sounds, in which the pitch, intensity, and timbre were about 
as usual but the sounds had no particular place or character; they some- 
times surrounded the body diffusely. A leak artificially made around 
the ear-pieces was found to make localization indefinite and lo give the 
sounds greater “outspread.” 

Thus, we see that volume is probably a purely perceptual factor without 
any single specific underlying physical correlate. It is due, apparently, 
primarily to indefiniteness of localization, and varies with pitch, intensity, 
and other factors. 


VI, Speech and Deafness 

Speech, Speech employs frequencies from about 75 to above 5000 
cycles/sec., with a great .concentration of energy in the region below 1000 
cycles/sec. (Crandall, 1925). Yet, in spite of the comparatively small 
amount of energy carried by frequencies over 1000 cycles/sec., these fre- 
quencies appear (Fletcher, 1923^2:) to be most essential if the speech is to 
be understood. For example, if all frequencies below 500 cycles/sec, 
are eliminated, the decrease in the comprehensibility of the spoken syllables 
is said to be reduced by only 2 per cent though the intensity is reduced 
by 60 per cent; on the other hand, if all the frequencies above 1500 
cycles/sec. are eliminated, comprehensibility is reduced by 35 per cent 
though intensity is still 90 per cent of the original intensity. In par- 
ticular, the sounds s, z, and th are very definitely affected when fre- 
quencies above 5000 cycles/sec. are eliminated. 

There is not as yet universal agreement even as to the nature of vowel 
sounds, which consist of simpler combinations of tones than consonantal 
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sounds, and which are therefore more easily studied. According; to the 
theory most generally held, the higher tones are overtones of the funda- 
mental, these overtones being reinforced by resonance in the cavities of the 
mouth and head. According to another theory, the high tones are fixed for 
the various vowels and are independent of the frequency of the fundamen- 
tal, being decided by the natural frequencies of the oral cavities. 

The optimal intensity for ordinary speech Fletcher found to be about 
1/lOOOth that at a distance of half an inch in front of the mouth of the 
speaker, but it was not till the intensity decreased to 1/1, 000, 00th 
that speech began to show any severe loss of clearness. At low” intensities 
consonants are, as a rule, more difficult to follow than vowels. 

Deafness. The phenomena of deafness are well known. Besides the 
difficulty in hearing, those suffering from any considerable hearing dis- 
ability often have a “.deaf” voice, owing to lack of proper resonance in 
the naso-pharynx and nares, and a “deaf” look, due more to the necessity 
for keeping the mouth open to breathe than to their inability to follow 
the conversation. 

Inner-ear deafness is not in general very common. It is, however, very 
frequently found among boiler-makers. A recent inquiry (Sacher, 1927) 
indicates that in Leningrad 50 per cent of boilermakers suffer from inner- 
ear deafness after 10, and 80 per cent after 20 years^ service, and investi- 
gations by Crowe, Guild, and Polvogt (1934) show that such deafness is 
correlated with extensive degeneration in the basal region of the cochlea. 
Working on these lines, they have mapped the regions which are affected 
by tones of frequencies from 2000 to 8000 cycles/sec. In persons of other 
occupations, deafness is most usually due to some affection of the middle 
ear, e.g., catarrh of the middle ear and obstruction of the Eustachian tubes 
with or without suppuration; or to otosclerosis, with fixation of the foot 
of the stapes in the fenestra rotunda. It may also be due to injury to the 
tympanic membrane, though a simple perforation has little effect on hearing. 

Obstruction of the Eustachian tubes is the commonest cause of deafness. 
For efficient hearing, the pressure on both sides of the ear-drum must be 
equal. Otherwise the membrane is not free to respond to the pressures 
of the sound waves. This equality is maintained normally by the opening 
of the Eustachian tube every time we swallow. If the Eustachian tubes 
are not blocked, swallowing is accompanied by a click in the ears. If 
the Eustachian tube is blocked, suppuration in the middle ear will cause 
the tympanic membrane to be forced outwards; if there is no suppuration, 
the air pressure on the inner side will be decreased, and the membrane 
will be displaced inwards. In either case there will be loss of hearing 
due to damping of the vibrating mechanisms of the middle ear. 

Treatment in such cases aims at doing away with the infection and 
equalizing the pressures on the two sides of the ear-drum. The latter 
operation usually consists in blowing air through the Eustachian tube into 
the middle ear with a catheter; but this does not often effect a permanent 
cure. It alleviates the symptoms temporarily, but forces the mucus, 
etc., with which the tube is blocked, into the middle ear, from which 
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Its only means of escape is via the Eustachian tube. The result is that 
the tube is quickly blocked again and deafness recurs. Nesfield (1928) 
suggests opening a small passage through the mastoid process to connect 
the middle ear with the external auditory meatus. In this way he 
claims to have cured many cases of deafness. 

The usual clinical tests for acuity are not very accurate. Common 
tests include a determination of the distance at which a watch or the 
voice can be heard. Somewhat more accurate results are to be obtained 
with a standardized source of sound, such as Politzer's acoumeter, a small 
hammer which falls onto a metal bar from a standard height. Such 
examination serves the purpose of roughly grading the amount of deaf- 
ness, but does little more, for an individual may be deaf to a high-pitched 
sound and yet hear other sounds comparatively easily. For accurate 
estimation it is advisable to test acuity, for example with the audiometer, 
an instrument which produces pure tones of intensities which are under 
complete control, for many tones throughout the tonal range. 

Experiment has shown that, whereas the normal ear requires a pressure 
of 1/1000 dyne/sq. cm. for hearing, those who require 1 dyne/sq. cm. 
pressure can still enter into the normal social relationships and converse 
with others though they are noticeably deaf, while the very deaf, those 
who use trumpets and other aids to hearing, require a pressure of 10 
dynes/sq. cm. (Fletcher and Wegel, 1922). Incipient deafness has been 
said to affect the limits of hearing initially. There may be almost com- 
plete loss of hearing for both high and low tones, combined with compara- 
tively good hearing for the frequencies most usually employed in speech, 
say from about 200 to 2500 cycles/sec. Hence incipient defects should 
be sought outside these limits. Contrary to what might be expected, the 
differential Hmens for loudness, as well as for pitch, appear to be the 
same for the abnormal as for the normal ear, provided the intensity 
of the sound is sufficient for the former to be able to hear it. 

Paracusis* Experiments on the oft-alleged ability of many deaf people 
to hear better in a noise (paracusis) show that, in spite of the deaf 
person himself believing he hears better in a noise, he does not ; his hearing 
becomes more and more interfered with as the loudness of the noise is 
increased (Knudsen, 1923; Pohiman and Kranz, 1927). Yet, in cer- 
tain cases, as Knudsen and Jones point out, he may have a relative 
advantage. The paracusic suffers from a conductive impairment, which 
especially affects the hearing of tones of low pitch (below 512 cycles/sec.) ; 
for tones of higher frequency his hearing is often fairly acute. Now 
most noises commonly experienced (the noise of a train and of traffic) 
are relatively low in pitch, and low-pitched sounds are relatively more 
efficient in masking higher tones, such as are used in speech. So the 
paracusic has the advantage since his disability filters off the masking 
noise which interferes so markedly with the normal ear. He also^ has 
one other advantage since in the presence of a noise the tendency is to 
speak louder* Such increase in intensity produces distortion, which again 
affects the normal ear but not the paracusic, because the latter^s con- 
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ductive impairment reduces the intensity of the sounds at the cochlea 
so that the intensity is the normal to him. 

VIL Fatigue and Noise 

One of the most pressing problems of modern civilization is the effect 
of loud sounds on the organism. 

From the biological point of view, it is perhaps to be expected that 
the ear should never, even in sleep, suffer any diminution of sensitivity. 
Unlike the eye, the other principal distance receptor, the human ear has 
no flap or lid to shut out stimuli at will, and indeed the importance of 
being awakened immediately on the approach of danger or in other situa- 
tions may have tended to an increase of sensory acuity during sleep com- 
bined with a heightened perceptual threshold owing to the mental inhibi- 
tion of all but certain specific sounds.^® With the sudden rise of the 
mechanical age, the problems connected with the effects of loud sounds 
are being forced more and more to the front. At first, inquiry was con- 
fined to certain specific problems such as the consideration of boiler- 
makers^ disease, where loud continuous noises produced physical lesions; 
now the great concentration in huge modern cities, with the incessant roar 
of the traffic, has made the question of auditory fatigue one of first im- 
portance. 

Fatigue is, in general, evidenced by inability to respond to a stimulus, 
and whenever there has been any failure of response to a stimulus normally 
effective it has, far too frequentl}'”, been ascribed to fatigue. This is 
illogical, unless the term “fatigue” is used in so wide a sense as to make 
it valueless. Failure to respond may be due to the fact that attention is 
directed elsewhere, as when one is so absorbed in a book that the dinner 
bell, however loudly it may be rung, is not heard; or failure to respond 
may be due to adaptation, as when a continuous stimulus is neglected 
and we can respond to other stimuli as though the one to which we are 
adapted no longer acts. This is obviously not an instance of “auditory” 
fatigue, though it may result in a state of general fatigue. We shall 
return to this later. 

If the term “auditory fatigue” is to have any significance, it must be 
confined^ to effects produced in the auditory sensory apparatus by pre- 
vious stimulation,^ in consequence of which there is a diminished ability 
to respond. It is in this sense alone that the term “auditory fatigue” should 
be used; loss of acuity should be ascribed to auditory fatigue when, and 
only when, it is^ maintained that the loss is due to some effect, some change, 
brought about in the sensory apparatus by the fatiguing stimulus. 

All sensory fatigue appears to be due directly or indirectly to meta- 
bolic chemical change. The direct effects are similar to those which 
would be involved in the eye if Hering's hypothesis were true. It would 
then be necessary to assume that somewhere in the auditory system there 

^®One thinks immediately of the response of a sleeping mother to the slightest 
movement of her sick child. 
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was a chemical substance which underwent change while the ear was 
being stimulated, and that, so long as the total amount of the substance 
was being changed, the sound was audible — ^the sound, if continuous, 
would continue to be heard till the rate of the change produced by the 
stimulation was equal to the rate at which the change was being neutra- 
lized automatically. At this latter stage the ear would be fatigued for 
that particular sound. If such an auditory chemical substance exists, it 
is probably located in the hair-cells of the organ of Corti. To account for 
the fact that sounds produce no negative after-sensations, we would be 
forced to the further assumption that it was a change in the substance 
in one direction only, which initiated the nervous impulses which are the 
basis of the sensation. In this, the hypothesis would differ markedly 
from a similar hypothesis as applied to the other sense-organs. Such direct 
fatigue would, it would seem probable, be specific to the frequencies of the 
sound which produced the fatigue. 

What has been termed indirect metabolic fatigue may be expected where 
muscular activity is part of the sensory response. It would correspond 
to muscular inhibition. When the metabolic change has reached a 
certain point, inhibitory nervous impulses are initiated which prevent 
further muscular action. This type of fatigue might be expected in the 
tensor tympani and stapedius muscles, if one assumes that contraction of 
these muscles is necessary for audition. It would probably be non-specific, 
being general for all sounds. 

Experimental work, which has obviously involved measurements of some 
form of sensibility or sensitivity both before and after the ear has been 
subject to the ^‘fatiguing’* stimulus, has proceeded along four main lines. 
These are the measurement of (1) the change in the absolute threshold 
of a sound, well within the auditory range; (2) the change in the ap- 
parent loudness of a sound, the “unfatigued'^ ear being used for purposes 
of comparison; (3) the effect of monaural fatigue on the apparent posi- 
tion of a binaurally localized sound source; (4) the effect on the per- 
sistence of auditory sensations. 

1. Absolute-threshold method. The absolute threshold before and 
after ^‘fatiguing” has been determined by various methods by Urbant- 
schitsch (1881), Mugel 0920), and Achmatov (1925). 

^ In one method the minimum current through a telephone which would 
give an audible sound was measured; in another, the length of time 
a feebly vibrating tuning fork could be heard was taken as a measure 
of the threshold ; in a third, the unfatigued ear was taken as a standard, 
the two ears having been made equally sensitive in an unfatigued state. 

It is perhaps unjustifiable to make the assumption that the results of 
these experiments are comparable, since the psychological processes involved 
are so diverse. But effects by these methods have been observed which, 
with many exceptions, are as follows: 

<7. previous stimulation causes a heightening of the threshold, i.e*, 
the fork is heard for a shorter time, or the telephone diaphragm must 
vibrate with greater intensity for the sound to be perceived ; 
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b. the effect is specific to the fatiguing frequency; in one instance 
it was found to be confined to about one difference limen ; 

c. the intensity of the fatiguing sound has little effect on the re- 
sulting '*fatigue’\- 

There are considerable differences in the findings as to 

d, the duration of the ‘‘fatiguing’’ stimulus which produces the 
maximum effect; some put this at 40 seconds, others at several minutes; 
and 

e, the length of time the effect lasts; it is said to vary from 30 
seconds to over 20 minutes. 

The disagreement between the results of these observers is probably 
due in part to the absence of adequate ph,vsical contiol. More recent 
work by Ri^wdon Smith (1934), in which care has been taken to obtain 
tones of great purity and accurately knowm intensity, indicates (a) that 
very quiet tones, below 90 dbs., produce no observable effects; (b) that 
more intense fatiguing tones, below 900 cycles/sec,, also produce no effect 
unless the intensity is so great as to produce pain. In these instances 
there is a raising of the threshold which is specific to the frequency of the 
fatiguing tone (this finding has not yet been published) ; and^ (c) that, 
with fatiguing tones of above 900 cyck*s/sec., thcie is a raising of the 
threshold which is, apparently, not specific to the fatiguing tone but 
which affects the whole of the frequencies above 900 cycles. ^ This gen- 
eralized effect is greater the higher the frequency of the fatiguing tone 
and the greater its intensity. It is interesting to note that a similar 
effect has been obtained from a physiological preparation by Davis, Derby- 
shire, and Saul (1933). 

2. Change-indoudness method. In the second method, the effect 
of stimulating one ear for a certain period is found by a direct com- 
parison of the loudness of sounds at the two ears. 

This method has been used by Miiller (1871), Huijsman (1884), 
and by Pattie (1927)* Huijsman found that, if the tone of a tuning 
fork (250 cycles) was led by a bifurcating tube to both ears, the effect of 
two minutes’ continuous stimulation oi the left ear was to make the 
tone appear louder to the right ear when the tone was presented to the 
ears successively. These findings have been confirmed and extended by 
Pattie (1927,), who used a valve circuit for the production of the tones. 
Pattie’s general method was to keep the intensity in (say) the left 
telephone ‘ constant, and to present the observer with two sounds suc- 
cessively, one in the left telephone and the other in the right. The inten- 
sity in the right telephone was varied by changing the current 
in that telephone. The observer was required to judge which telephone 
sounded the louder, and the percentage number of judgments of the 
right’s being the louder was calculated. The left ear (i*e., the one at 
which the intensity was constant) was now subjected to continuous uni- 
form stimulation for one minute, after which judgments were again re- 
quired of the relative loudness of the telephones on the right and on the 
left, using the same current strengths as before. If the minute’s stimula- 
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tion had my effect it should be evidenced by a change in the percentage 
number of judgments of the right’s being the louder. 

The general results were 

a, that the minute’s stimulation produced an apparent decrease in 
the loudness of the tone of slightly over one difference limen ; 

b, that this apparent decrease of loudness disappeared gradually in 
from 10 seconds to 60 seconds; 

c, that the effect was not confined to the pitch of the tone used 
during the period of continuous stimulation, but extended to all tones 
tested ; 

d, that the effect, both in amount and duration, increased with the 
intensity of the continuous stimulation, though, if the latter were very 
weak, it acted in the opposite direction, making the ear more sensitive; 

e, that the effect varied with the duration of the continuous stimula- 
tion for periods of under two minutes; this was not by any means general. 
In some cases a two-minute stimulation produced less evidence of fatigue 
than stimulation for one minute. 

3. Chcnge-indocalization method. Experiments on the effect of pre- 
vious monaural stimulation on binaural localization have been carried 
out by Sewall (1907) and Flugel (1920). Sewall found that mon- 
aural stimulation for one or two minutes produced a set towards the 
other -side, so that a large difference of intensity at the ears was necessary 
if the sound, when heard with both ears, was to be localized in the 
median plane. Such change of localization was, he found, not a gradual 
change ; it was very sudden. The sound appeared at one time to be 
in one place; at the next moment it was somewhere else. Also he found 
that an interruption for less than a second caused the whole effect to 
disappear. 

Sewall's method of attempting to change the position of the binaural 
sound by changing the relative intensities at the ears assumes that localiza- 
tion is an intensity effect, which it is not. Many experiments (Banister, 
1926c) have shown that a very large change of the intensity ratio can 
be made without the localization’s being affected in the least. So Sewall’s 
experiments merely show that monaural stimulation causes a set to one 
side. 

This set was, however, measured by Flugel, who compensated for it 
by varying the time difference at the ears. Flugel found that there 
were marked individual differences not only between subjects but also 
between the two ears of the same subject. In general, however, he found 
that the effect 

a. varied with the duration of the monaural stimulation, reaching 
a maximum after about lj4 minutes; 

b. lasted for periods up to 12 minutes; 

c. was general; monaural stimulation with one tone caused one- 
sided localization for other tones heard binaurally; 
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d, was independent of the intensity of the monaural stimulus; 

e, was independent of such distractions as readin^u:, looking at 
pictures, and even of the drowning of the monaural stimulus by a loud 
tin drum, 

4. Persistence method. We have already seen that theie are some 
differences of opinion with regard to persistence — some investigators main- 
taining there is none. Helmholtz considered there was persistence and 
suggested that fatigue might increase its duration. 

An investigation on these lines for frequencies between 140 and 280 
cycles/sec, has been undertaken by Weinberg and Allen (1924), who used, 
as sound source, a Stern Tonvariator enclosed in a box lined with very 
soft thick felt. In one side of the box was a hole through which the 
sSound issued. Periodic interruptions of the sound were obtained by 
rotating a light aluminum disc in front of this hole. In the disc were 
four symmetrical holes, each of the same size as the hole in the box. 
The disc was driven by an electric motor, the speed of which could be 
varied.^ In this way, they measured the maximum length of interruption 
which just gave the perception of a pure tone and thus obtained a measure 
of the minimum “persistence'' for tones between 150 and 300 cycles/sec. 
They then subjected the ear to a continuous tone f<ir about two minutes, 
which length of time they found gave the maximum effect for the low' 
intensities of sound used, and again measured the “persistence." They 
used two methods : ( 1 ) fatiguing with a constant tone and measuring 
the effect on tones varying over a range of about ±15 cycles/vsec. from 
the fatiguing tone; (2) varying the fatigtiing tone over a similar range and 
measuring its effect on the persistence of a constant tone. 

^ The two methods gave similar results and showed an increase of per- 
sistence, which was a maximum for the tone used, and decreased on either 
side to^ zero when the difference of frequency exceeded ±8 cycles/sec. 
approximately. The effect was greater the higher the frequency, both 
in the range of frequencies affected and in the amount by which the 
persistence was increased. Persistence was found to increase with the 
intensity of the tone ; but with these higher intensities there was a 
decrease in the fatigue effect, i.e., the “increase of persistence" as a result 
of fatigue tended to disappear. It is suggested that this is because the 
louder intensities produce fatigue in a much shorter time, even during 
the time in which the measurements of the critical frequency of pulsation 
were being made. Hence no further effect is to be expected. 

One is impressed by the various results obtained. There is some loss 
of ability to respond when the ear is subject to a continuous stimulation, 
but there is no agreement as to whether this is confined to the pitch 
of the continuous sound or w^hether it is general and affects all fre- 
quencies equally. 

It is to be noted that, in general, when the effect is found to be specific 
the same ear has been used for comparison before and after stimulation ; 
when a general factor is found comparison has been made with the previ- 
ously unstimulated ear. This may be one cause of the discrepancy, the 
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specific effect being due to some change in the cochlea, the general to a mus- 
cular factor. The investigations of Rawdon Smith (1934) and of Crowe, 
Guild, and Polvogt (1934) seem to indicate that the specific effect, 
when it occurs, is due to injury, however minute, to the part or parts of 
the cochlea involved. This is not a true “fatigue’’ effect. If the general 
factor is due to a muscular factor, it should disappear if both ears are 
stimulated. This question has been partially tested by Bartlett and Mark 
(1922), who found that stimulation of both ears with the same continuous 
sound, but with a certain time difference which gave localization to one 
side, produced a set to one side, as reported by Flugel. (Bartlett and 
Mark did not test whether the effect was general.) This finding, which 
has been confirmed by Pattie (1929), would seem to indicate that the 
locus of the fatigue is not to be found in the muscles, an indication which 
is supported by the physiological investigation of the reflex contraction of 
the tensor tympani by Hallpike and Rawdon Smith (1934). It therefore 
seems to follow that the claims of those who maintain that the fatigue 
effect is a central factor are not without the confines of probability. If 
so, adaptation may well be an active process making a certain demand on 
the organism and producing eventually a state of general and wide- 
spread fatigue. This would be evidenced by a great sense of strain 
and a craving for quietude, such as is shown by many town dwellers and 
by others when the general bodily tone is low. In these circumstances, 
it is not that the sensory processes are more acute; they may be less acute; 
it is the ability to inhibit the passage of the sensations into consciousness 
which fails, and this may cause a further drain on the organism which may 
snowball on till, eventually, there is a collapse. But this opens up new 
ground which, though of vital importance, does not belong properly to 
a chapter on audition, for it is found that noise is responsible for many 
ills. The ill effects are due to the fact that a noise is an “unwanted 
sound,” and this is relatively independent of whether it is loud or quiet, 
of whether it is continuous or discontinuous : the same physical sound may 
be an excruciating noise in one set of circumstances and give the greatest 
pleasure in another set of circumstances. It is the “unwantedness” of the 
sound which makes it a noise, and if for any reason we cannot avoid hear- 
ing it, either owing to its physical characteristics or to its psychological 
implications, or because we ourselves are in a low state so that* our powers 
of concentration are poor and we are easily distracted, the noise becomes 
intolerable and we feel the strain. As Bartlett (1934) states in his sum- 
mary of recent work on the effect of noise, “broadly speaking .... except 
when it is present in overwhelming amount, noise is harmful merely as a 
distraction.” This is, in all probability, the chief way in which, for the 
average person, the noises of our age are harmful. 
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CHAPTER 17 


AUDITION: II. THEORIES OF HEARING 

H. Hartridge 

St. Bartholomew^ s Medical College, London 

I. Introduction 

L Physical Aspects. Hearing is classed with vision and smell 
among the distance receptor mechanisms because it conveys to our higher 
centers information of events taking place at a distance. It lacks the fine 
detail-perceiving qualities of vision, but it has the great advantage of not 
requiring an uninterrupted view. This is due to the fact that sound waves 
do not as a general rule form shadows. In consequence we hear nearly 
as well by the ear that is pointing away from a sound as by that which is 
pointing at it. If sound waves and light waves behaved in an identical 
manner, a speaker’s vocal cords would have to be in a straight line with his 
throat, and he would have to point it at us. We, in turn, should have to 
aim our ear at him, or we should not hear him. In this and other impor- 
tant ways, sound and light and, consequently, the eye and the ear differ. 
We still give vision the first place as a distance receptor, but the ear is 
more than keeping pace with its rival. The eye has acquired the telescope 
and microscope, it uses photography and X-rays. The ear, in no way 
outclassed, has acquired the gramophone and wireless. By our ears, we can 
safely steer our ships into harbor in the densest fog or can locate hidden 
rocfe or submarines. By our ears, we can learn the position of aircraft 
up in the clouds beyond the range of vision. In ways such as these, the ear 
is the keen competitor of the eye. And thus it becomes its most successful 
ally, 

2. Practical Difficulties. While practically all observers are agreed 
on^ the fundamental aspects of hearing, there are marked differences of 
opinion about the mechanical and physiological details. It is no reflec- 
tion on the ability, enthusiasm, and enterprise of workers in this field 
that this is the case. The matter for surprise is that we know as much 
as we do. The diflSculties in the way of the experimenter are well-nigh 
insuperable. The organ of hearing is placed 3 to 4 centimeters deep 
below the surface of our skulls. Above it lies the cranial cavity. Below 
it are found the structures of pharynx and jaw. The more delicate parts 
of the organ of hearing are situated in some of the hardest bone in the 
body, and the whole mechanism is extremely small. Histological exam- 
ination is consequently difficult. Observation on the different parts at 
work^ is quite impossible. This explains why rivalry exists between 
theories. ^ It is the nature of man’s mind that he must needs try to picture 
with his imagination what he cannot see with his eyes. 
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IL The Anatomy of the Ear 

1. The pmna is an irregular plate of yellow elastic cartilage covered 
with skin. Muscles and fibrous bands attach it to the head. Marked 
individual variations in shape occur. In some lower animals it probably 
plays an important part as a collector of sound veaves. In them it can 
be erected or “pricked’’ and can be turned in different directions so as 
to assist in determining the locality of the source of sound. In some 
mammals it has an apparatus at its base for varying the size of the 
aperture through 'which sounds can pass. This protects the internal 
mechanism from possible damage caused by loud local sounds. In man, 
the pinna is in a state of retrogression. Few of us can move our ears 
more than a few millimeters. None of us can “close” our cars, except 
metaphorically. 

The effect of the pinna on hearing is problematical. While its removal 
is said by some (Toynbee, 1868) to produce no effects, McKendrick (see 
Schafer, 1900, p. 672) found that covering it with plaster of Paris 
weakened intensity and altered quality. It has been suggested that it 
acts as a resonator (Mach, 1874) and as a reflector (Thompson, 1892, 
p. 416) for tones of high pitch. 

2. The external acoustic meatus is a bent tube about 3 cms. long. Its 
first or cartilaginous part slopes downwards. Its second or osseous part 
slopes downwards and forwards and inwards. It is lined with thin, 
closely adherent skin. Stiff hairs grow from this and point towards the 
entrance. Ceruminous glands secrete a bitter wax. The hairs, the wax, 
and the shape ^and narrowness of the meatus discourage the entry of for- 
eign bodies. The effect of the external acoustic meatus on hearing is 
to act as a conductor to sounds of all pitches. Politzer (1894) thought 
that it reflected the sound waves on to the drum-skin, but this is ex- 
tremely doubtful. 

3. The tympanic membrane or drum-skin is a pearly gray structure 
nearly 1 cm. in diameter, made of radial and circular fibers of connective 
tissue. On the outer side it is covered with very thin skin. Its inner 
surface is covered with mucous membrane. Its shape is markedly conical. 
It is mounted at the end of the external acoustic meatus at a very oblique 
mgle. To its upper quadrant is attached the handle of the malleus. 
This may be seen through the meatus as a reddish streak. 

The function of the drum-skin is to transmit the energy of the sound 
wave in the air outside the head to the ossicles inside the middle ear. 
This it does without giving preferential treatment to any particular part 
of the audible range of tones because of its conical shape. 

It should, be noted, however,^ that the conical shape of the drum-skin 
has the disadvantage of producing summation and difference tones when 
two or more tones arc simultaneously presented to the ear. Thus, if pure 
tones of 100 and 150 d.v./sec. fall on the drum, the vibrations performed 
by the ossicles would correspond to these two tones, and there would be, 
m addition, a difference tone of 50 d.v./sec. and a summation tone of 
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250 d.v./sec. (Barton, 1922, p. 391). Further, when a loud pure tone 
falls on the ear harmonies are produced by the drum-skin and these are 
transmitted to the brain. Thus a loud pure tone of 100 d.v./sec. will 
be accompanied by harmonies of 200, 300, 400, 500, etc., d.v./sec. 

4. The middle ear is an air-containing cavity surrounded by bone on 
all sides, the bone being lined by periosteum and mucous membrane. To 
the walls of the middle ear is attached the chain of ossicles which conveys 
the sound vibrations from the drum-skin to the internal ear. The middle 
ear communicates with the nasal cavity by means of the Eustachian canal. 
The nasal end of this is closed by means of a valve, which is temporarily 
opened during the act of swallowing. At these times the pressure of the 
air inside the middle ear is allowed to become equal to that in the nasal 
cavity, which is practically identical with that outside the head. The 
pressure of air on either side of the drum is thus permitted to become the 
same. Divers and workers in caissons have to remember to swallow 
periodically while the pressure of the air is being increased or decreased. 
It is stated that sudden decompression with a closed Eustachian canal may 
cause permanent damage to the internal ear. 

5. The ossicles. The names of the three ossicles are the malleus 
(or hammer), the incus (or anvil), which articulates with the malleus, 
and the stapes (or stirrup-bone), which articulates with the incus and 
conveys the vibrations by its footplate to the oval window of the internal 
ear. The ossicles are clothed by a periosteum which is covered with 
mucous membrane. The way that vibrations imparted to the malleus are 
conveyed through the incus to the stapes may be very briefly outlined as 
follows: Between the malleus and the incus is a saddle-shaped articula- 
tion, and on the malleus is a spur of bone which engages with the body 
of the incus. In consequence, when the bones are in their normal posi- 
tions, they vibrate practically as a single compound lever which is free 
to rotate about a fulcrum passing through the lateral processes of the 
two bones. Movements of the drum applied to the handle of the mal- 
leus will thus cause corresponding but smaller movements of the long 
process of the incus. The lower end of this carries a ball-and-cup joint, 
the head of the stapes forming the ball. The .vibrations are thus im- 
parted to the footplate of the stapes which fits the oval window in a 
watertight manner by means of its annular seal. 

6. The muscles. In addition to the three ossicles, the tensor tympani 
and stapedius muscles must be mentioned. The former is innervated 
by a branch of the trigeminal or Vth cranial nerve. When stimulated 
it tends to increase the tension in the fibers of the drum-skin. Contrac- 
tion normally occurs in the tensor muscles of both ears if musical tones 
or noises fall on either ear. Those of high pitch are said to be particu- 
larly efScacious. The stapedius muscle is innervated by a branch of the 
facial or Vllth cranial nerve. Some observers hold that it antagonizes 
the effect of the tensor tympani, others that it reduces the pressure on 
the contents of the internal ear; Hartridge’s view is that it prevents 
chattering between the ossicles and thus avoids the loss of weak vibra- 
tions. 
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7. The movements of the ossicles have been observed in a number of 

ways. Politzer (1864) attached glass threads to the ossicles and re- 
corded the movements on a smoked drum. Burnett (1877, p. 95) 
opened the middle ear, sprinkled powdered starch on the ossicles, and 
examined their movements when the drum was set into vibration by 
means of organ pipes. He records that the movements were quite small 
but easily observable. In addition, he noted vibrations in the membrane 
covering the round window (which will be described in detail very 
shortly) and saw that these were nearly equal to the corresponding move- 
ments of the stapes. Helmholtz himself (1895) observed the movements 
of the ossicles and found that they were less than a tenth of a millimeter. 

Frey (1911) states that he has not been able to observe them. It is 

possible that the tones he employed for setting the drum into vibration 
were not of sufficient intensity to produce movements large enough for 
visual observation. The natural period of vibration of the mechanism 
represented by drum, ossicles, and muscles has been investigated by Ev- 
erett (1895, p. 94), who states that it is about 10 d.v./sec. This is well 
below the lowest audible musical tone, which is approximately 16 d.v./sec. 
Consequently, some tones in the audible range are not favored by the 

mechanism at the expense of other tones. The area of the footplate of 

the stapes is roughly one-twentieth that of the drum-skin. There is 
probably a gain in pressure with a corresponding loss of displacement as 
sounds are transmitted from the external auditory meatus into the in- 
ternal ear. This has been variously estimated at from 10 to 30 times. 
The lower figure is probably the more likely, particularly for tones of 
high pitch. It should be noted that in birds the chain of ossicles is 
replaced by the single ossicle, the columella, which is attached at one 
end to the drum-skin and at the other end projects into the internal ear, 
thus communicating the sound vibrations to the latter. 

8. The internal ear lies in a cavity hollowed out from solid bone. This 
cavity contains a number of membranous structures, parts of which belong 
to the mechanism for equilibration. The part which concerns hearing is 
called the cochlea. It consists of a conical mass of bone, the modiolus, 
about which is wound a spiral tube, the cochlear canal. This tube is di- 
vided by two membranes, the basilar membrane and Reissner^s membrane, 
into three canals. The upper, or scala vestibuli, is in communication with 
the fluid which bathes the end of the footplate of the stapes. The middle 
canal, or scala media, is filled with a second fluid and communicates with 
the membranous structures which fill the rest of the internal ear and are 
used for equilibration. The lowest canal, or scala tympani, communicates 
at its upper end with the upper canal through a minute opening, the heli- 
cotrema. Its lower end terminates blindly, just opposite the round win- 
dow. This would communicate with the middle ear if it were not closed 
by a membrane. Reissner's membrane is very thin and plays no important 
part in the perception of tones other than effecting a separation between 
the two liquids in the upper and middle canal. The lower or basilar 
membrane carries structures of great importance to hearing. Its inner 
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edge is attached very firmly to a spur of bone, the bony spiral lamina which 
projects from the modiolus. Its outer edge is attached to a fibrous 
and vascular structure called the stria vascularis. Its upper surface car- 
ries a series of arches, the arches of Corti j on either side of these are 
mounted supporting cells, which have lying in between them long sensory 
cells, which carry at their upper surfaces a number of fine hairs. For this 
reason, these cells are called “hair-cells.” Nerve fibers which are connected 
with these hair-cells run through ganglia in fine channels hollowed out 
in the modiolus. These unite to form the auditory portion of the Vlllth 
cranial nerve. On the lower side of the basilar membrane are supporting 
cells only. 

9. The membrane vibrations. When the piston of the stapes makes 
in-and-out movements under the influence of vibrations set up in the 
drum-skin by sounds, corresponding up-and-dowm movements of the basilar 
membrane occur with corresponding up-and-down movements of the hair- 
cells mounted on either side of Corti’s arches. Since the whole internal 
ear is filled with liquid and since all fluids are incompressible, the up-and- 
down movements of the basilar membrane must be accompanied bv the 
corresponding movements of some structure in communication with llie 
lower scala tympani. This structure is the membrane closing the round 
window. When the piston of the stapes vibrates and thus causes the 
basilar membrane to vibrate, corresponding vibratory movements are set 
up in this membrane, as Burnett (1877, p. 95) observed. 

10. The stimulation of the hair-cells. We must now consider how 
up-and-down movements of the hair-cells cause impulses to travel from 
them up the fibers of the auditory nerve. Above the basilar meml)rane 
is mounted the tectorial membrane. The inner edge of this is attached 
to the bony spiral lamina, while its outer edge is free. The body of this 
membrane lies immediately above the tips of the hair-cells. Helmholtz 
thought that the tips of the hairs touched the under surface of the mem- 
brana tectoria whenever the basilar membrane moved upwards. Wright- 
son (1918) thought that the tips of the hairs vrere embedded in the lower 
surface of the tectorial membrane and that the hairs were bent first in 
one direction and then in the other as the basilar membrane rose and fell 
Hartridge’s view is that during the ascent of the basilar membrane the 
upper surface of the supporting cells presses against the under surface of 
the tectorial membrane, causing the two to rise together. When, how- 
ever, the basilar membrane comes to rest and then commences to fall, the 
tectorial membrane is caused to undergo precisely similar movements by 
the pulling of the hairs which arc attached to its under surface. What- 
ever may be the details, most physiologists agree that movements of the 
basilar membrane bring about stimulation of the hair-cells so that im- 
pulses are caused to travel up the fibers of the auditory nerve. Hardesty 
(1908, p. 109) believes that the tectorial membrane is set into vibration 
by the movements of the piston of the stapes and that in consequence 
stimulation of the hair-cells occurs. It is not surprising that these dif- 
ferences of opinion exist, because no one has ever witnessed the mechanism 
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in operation; for, as has been indicated in the introduction, the diiEculties 
of making such observations are insuperable. 

III. Theories of Hearing 

Numerous hypotheses have been advanced to explain how heaiing re- 
sults from the vibrations set up in the basilar membrane and the corre- 
sponding stimulations of the hair-cells. We may effect an initial subdi- 
vision of these hypotheses under the following headings: 

1. Telephone Theories. These theories hold that all parts of the 
basilar membrane vibrate with approximately equal amplitude at any one 
moment, the amplitude being determined by that of the piston of the 
stapes, which in its turn depends on the movements of the drum-skin. 
According to these views, the basilar membrane and its hair-cells perform 
the same kind of function that a microphone does. The analysis of the 
impulses which travel up the auditory nerve, according to the frequency 
and intensity of the sounds falling on the ear, has to be performed by the 
central nervous system. The “telephone hypothesis” has been associated 
very largely with the names of Rutherford (1898) and Wrightson 
(1918). Against this hypothesis we have the difficulty that the highest 
audible musical note is probably considerably above 5000 d.v./sec. In 
consequence, if a note of this frequency is to be differentiated from other 
notes, the vibrations of the basilar membrane must occur at this rate 
and must cause corresponding impulses to travel up the auditory nerve to 
the central nervous system. Experimental evidence seems to point to 600 
or 700 impulses per second as the maximum number of impulses per second 
that a mammalian sensory nerve is capable of conducting. For this funda- 
mental reason, this theory has had but little suppoit in recent years. 
Against Wrightson’s hypothesis we have, in addition, the criticism that 
its mathematical basis was found by Hartridge to be made on mistaken 
premises. 

2. Sound-Pattern Theories. When metal plates are suitably clamped 
and are set into vibration by striking or bowing, the observations on the 
patterns made by sand which has been scattered over the surface indicate 
the mode of vibration of the plate. This beautiful phenomenon has been 
made the basis of a theory of sound analysis by the cochlea. It is supposed 
that sounds falling on the ear set up vibrations which are communicated 
by the ossicles to the internal ear and that these set selected parts of the 
basilar membrane into vibration, other intermediate parts being stationary. 
Further, according to the theory, as the pitch and intensity of the in» 
coming sounds alter, so also do changes occur in the modes of vibration 
of the basilar membrane. In consequence, the impulses traveling up the 
auditory nerve to the central nervous system vary according to the sounds 
which are falling on the ears. The recognition of these groups of im- 
pulses permits the higher centers to identify the sounds which are being 
received. This is called the “sound-pattern theory.” It has been asso- 
ciated very largely with the names of Waller (1891) and Ewald (1899). 
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The latter has made very ingenious models w’hich permit the vibrations 
of a rubber membrane of small dimensions to be observed under the micro- 
scope. The mode of vibration was observed to change when changes 
were made in the sounds which were causing the membrane to vibrate. 
There are no fundamental difficulties against this hypothesis. The main 
objection to it may be explained as follows. According to Ewald’s model 
the vibrations of the membrane for a single pure tone were of quite a 
complicated nature. If, then, a number of tones fell on the ear at the 
same time, the sound patterns produced in consequence would be of an 
extremely complicated nature, for not only have the fundamental tones 
to be perceived but also the partial tones (overtones) which accompany 
each of the fundamentals. We shall see later that these partials vary 
in intensity according to the musical instrument which is producing them. 
The different vowel sounds are produced, moreover, by the human voice 
by variously accentuating these different partials. If the ear is to recog- 
nize different musical instruments or different vowels, it must correctly 
estimate the intensity of these partial tones. 7'herefore, these must con- 
tribute their share to the sound pattern in addition to the fundamental 
tones. The sound pattern will in consequence become of so complicated 
a nature that it is difficult to see how the mechanism could effect the 
detailed analysis which experiment and everyday experience demonstrates 
to be one of its outstanding properties. 

3. Sound-’Wave Theories, If, by suitable means, waves are caused 
to travel along a membrane, it is found that the distance between the crests 
decreases as the note increases in frequency. This fact has been made the 
basis of theories of hearing. One of these supposed that movements of the 
piston of stapes caused waves to travel up Reissncr*s membrane. When 
they reached the top of the cochlea, they returned along the basilar mem- 
brane, the distances between the crests being a measure of the frequency 
of the tone setting the drum-skin into vibration. This theory was ad- 
vanced by Hurst (1895). A somewhat similar theory was advanced by 
Max Meyer (1907). He supposed the vibrations to travel up the basilar 
membrane, but the waves suffered a decrement which tended to make them 
die out as they traveled towards the upper end of the cochlea. In conse- 
quence, the waves produced by loud tones might almost reach the top, 
whereas those produced by tones of low intensity would travel but a short 
distance. In this way, the loudness of a tone would depend on the num- 
ber of hair-cells affected by it during its passage. The greater the inten- 
sity of the tone, the greater the number stimulated. 

4. Boring's Theory, Boring (1926) has recently revived interest in 
theories of this nature. The theory may be described as follows: When 
a pure tone falls on the ear a part of the basilar membrane is set into 
movement, the length of which depends on the amplitude of vibration of 
the incoming pure tone. In consequence, nerve impulses from the hair- 
cells corresponding to this length of basilar membrane travel up the 
auditory nerves. Those from the right ear travel to both right and left 
auditory areas. Those from the left ear similarly travel to both right 
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and left auditory areas of the brain. A certain part of both these areas 
IS excited by the incoming nerve impulses. The volume of the sound 
is related to the dimensions of the excited parts of the auditory aieas. A 
quiet tone will disturb a small area of basilar membrane, few nerve im- 
pulses will in consequence travel up to the auditory areas, and only small 
parts of these areas will receive excitation, and the volume of the sound 
will consequently be small. Conversely, a loud tone will have a huge 
volume. A low-pitched tone consisting of few vibrations of large am- 
plitude will disturb a wide area of basilar membrane, and the volume 
will seem large. A high-pitched tone consisting of numerous vibrations 
of small amplitude will for the same reason have a small volume. I'he 
localization of sounds is thus explained by Boring: We have already 
stated that nerve impulses arrive at the right and left auditory areas 
from both ears. The way they are distributed may be described as fol- 
lows: The impulses from the right ear arrive at position R in the right 
auditory area, those from the left ear arrive at position L in the same 
area. These two positions, R and L, are close to one another and overlap 
in such a way that on one edge of the auditory area there are impulses 
from one ear only, on the opposite edge there are impulses from the other 
ear only, in a position midway between these two edges the two ears 
contribute equally, and at other intermediate positions the contributions 
of the ears are proportional to the distances from the edges. ^I'he out- 
standing difficulty in the way of this theory is that it retjuires tones of 
all pitches to be transmitted without frequency alteration up the auditory 
nerve. It, therefore, has the same fundamental objection against it that 
confronts the simpler telephone theories of Rutherford and Wrightson 
from which it has developed. 

5. Wattes Theory. A recent modification of sound-wave theories by 
Watt must now be attended to. When a puie musical tone falls on the 
ear and the piston of the stapes is set into vibration, with each inward 
movement a downward bulge is caused in the basilar membrane and w’ith 
each outward movement an upward bulge is similarly caused. Accord- 
ing to Watt, a low-pitched tone causes a large bulge, and a high-pitched 
tone causes a small one. The displacement of the basilar membrane from 
its position of rest varies in amount at different points. At the extreme 
edges of the bulge it is small in amount. At or near the center of the 
bulge it reaches its greatest amount. At intermediate points the displace- 
ment is less, the nearer the points are to the edges of the bulge. The 
displacements may therefore be represented by a smooth curve having a 
maximum ordinate near its center. According to Watt, {a) the position 
of the maximum ordinate represents the pitch of the pure tone falling on 
the ear; {h) the loudness of the pure tone is represented by the average 
displacement of the bulge— with a quiet tone the bulge will be shallow, 
with a loud tone it will be deep; and (r) the volume of the pure tone 
is represented by the extent of basilar membrane occupied by the bulge 
from edge to edge— low-pitched tones of large volume will cause wide 
bulges, high-pitched tones of small volume will cause narrow ones. When 
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two pure tones are received by the ear simultaneously, two bulges will 
be produced which will overlap. For example, if a pure tone of 50 
vibrations per second causes a bulge which occupies the lowest two turns 
of the cochlea and a pure tone of 100 vibrations per second causes a 
bulge which occupies the lowest turn only, when the two tones simul- 
taneously fall on the ear, the lowest turn will be bulged as the result 
of both these tones. When a tone accompanied by partials (overtones 
or harmonies) falls on the ear, the basilar membrane is occupied by many 
superposed bulges. When many tones accompanied by partials fall on 
the ear, the basilar membrane is disturbed by a summation of bulges of 
different amplitudes and lengths which can be calculated mathematically 
and which present a very complicated series of changes with time. 

Now the point to be noticed is this: While the lowest part of the 
basilar membrane is disturbed by all the bulges, the upper parts are 
disturbed only by those larger ones which correspond to low tones. We 
should, therefore, expect acuity for difference of pitch for low tones to 
be better than that for high ones, whereas experiment shows the exact 
opposite to be the case. As one travels down the musical scale, one 
observes the change in pitch, but according to Watt there is, in addition, 
what he calls an increase in volume. According to his view, a low- 
pitched tone has a large volume, whereas a high-pitched one has only a 
small one. ^‘Low tones are great and massive. High tones are sharp 
and thin.*’ He pictures low tones as acting as stimuli for large areas 
of basilar membrane. In consequence, large numbers of nerves receive 
impulses from their hair-cells. On the other hand, few nerve fibers re- 
ceive impulses in consequence of high-pitched tones. 

6. The Volley Theory, Wever and Bray (1930) have advanced 
a very interesting modification of the telephone theory. Hitherto a con- 
sistent criticism of the telephone theory has been that, while it is known 
that nerves can convey 1000 impulses per second, there is proof that the ear 
can hear well over 5000 vibrations per second and probably over 10,000 
vibrations per second. The telephone theory would require the audi- 
tory nerve to have about ten times the maximum frequency found by 
experiment for other nerves. Wever and Bray have advanced the vol- 
ley theory to avoid this difficulty. Concentrate attention on ten fibers 
of the auditory nerve and suppose that a tone of 10,000 vibrations per 
second is being received by the ear. The first complete sine wave of the 
tone causes nerve-fiber No. 1 to transmit an impulse. The next sine 
wave causes nerve-fiber No. 2 to transmit an impulse, and so on. Then 
nerve-fiber No, 1 begins again and transmits the eleventh sine wave, and 
nerve-fiber No. 2 the twelfth sine wave, and so on. But if nerve-fiber 
No. 1 transmits sine waves Nos. 1, 11, 21, 31, 41, 51, 61, etc., and 
since ten sine waves of a tone of 10,000 vibrations per second occupy a 
time intervel of one-thousandth of a second, then this nerve fiber must be 
transmitting one thousand impulses per second, and experiment shows that 
this can be accomplished. Similarly, all the other nerve fibers constitut- 
ing the auditory nerve are required to transmit no more impulses than 
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1000 per second, and yet all the fibers together are causing the trans- 
mission of a frequency of 10,000 vibrations per second. This ingenious 
theory has many interesting features. Wever and Rra 3 have suggested 
two modifications of it: {a) the resonance volley theory, and {h) the 
non-resonance volley theory. For further details of these modifications 
th^ original paper should be consulted. 

7. The Resonance Hypothesis, If one presses the loud pedal of a piano 
so that the dampers are lifted from the wires, and some musical instru- 
ment which will play a sustained tone is sounded, on terminating the tone 
the piano wires will be heard to continue to sound it. Further experiment 
demonstrates the fact that certain wires have been set into sympathetic 
vibration or resonance by the energy they receive from the source of sound 
and that a portion of this energy which they have stored is returned to 
the air again as a continuation of the same musical tone. This simple 
experiment illustrates the fundamental principle on which the resonance 
theory of hearing is based. Briefly, it regards the basilar membrane to- 
gether with the structures mounted on it as forming a series of resonators 
which have natural frequencies of vibration corresponding roughly to all 
the musical tones. When a particular tone falls on the car and is con- 
veyed by the ossicles to the fluid of the internal ear, the hypothesis sup- 
poses that a localized area of the basilar membrane is set into vibration, 
and thus stimulation of the corresponding hair-cells causes impulses to 
travel up those fibers of the auditory nerve which belong to that localized 
area. A tone of higher or lower pitch will, according to this theory, set a 
diflEerent area of basilar membrane into vibration and will thus cause im- 
pulses to travel up a different set of auditory nerve fibers. If the tones are 
accompanied by partials, then, in addition to the area of basilar membrane 
corresponding to the fundamental tone, other areas of basilar membrane 
which correspond to each of the partial tones will be set into vibration. 
In just the same way that we can strike certain selected keys of the piano 
with our fingers and set the corresponding strings into vibration, so vibra- 
tions, when they fall on the ear, will, according to the theory, set selected 
areas of basilar membrane into vibration, the result being that impulses 
travel up the auditory nerve fibers corresponding to those areas and reach 
the auditory area of the brain. Variations in intensity are perceived partly 
by variations in the width of the area of basilar membrane affected, and 
therefore by variations in the number of auditory nerve fibers which con- 
vey impulses to the central nervous system, and partly by variations in 
the number of nerve fibers which receive stimulation from any one local- 
ized part of the basilar membrane- In consequence, a just-audible tone 
may stimulate an extremely small number of fibers, possibly only one 
fiber, of the auditory nerve with impulses of an all-or-none nature which 
have considerable intervals between them, while a very loud sound indeed 
may cause impulses from an enormous number of auditory nerve fibers to 
pass in continuous streams to the ’auditory area- Detailed consideration 
on these and other points will be given in Section VI of this chapter. 

8. Composite Theories. While in some respects the hypotheses out- 
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lined above are contradictory to one another, in other respects they are 
not. It is not surprising, therefore, that from time to time parts of one 
theory have been added to parts of another with the production of a 
composite theory. One of the most recent of these composite theories 
has been advanced by Troland (1929). It may be called “a resonance- 
telephone theory.” It resembles the resonance theory in postulating the 
vibration of certain parts of the basilar membrane which are determined 
primarily by the pitches to which they resonate, and it resembles the tele- 
phone theory in postulating the transmission of nerve impulses up the 
fibers of the auditory nerve in phase with the incoming sound waves. 
Thus a pure tone of 100 vibrations per second will cause vibration of 
a particular part of the basilar membrane and from this part will proceed 
nerve impulses the groups of which recur at regular intervals of one- 
hundredth of a second. Troland’s reason for advancing this hypothesis 
will be given on page 957 of this article. The advantages of this hypoth- 
esis are those which it shares with the resonance hypothesis. Its dis- 
advantages are those which it shares with the telephone hypothesis: (a) 
pitch recognition has to be effected by the brain; and (Z») nerve impulses 
of over 5000 per second have to be transmitted by the auditory nerve. 
In Hartridge’s opinion this elaboration of the resonance hypothesis by 
Troland is a retrograde one. 

Two other composite theories are the resonance volley theory and the 
non-resonance volley theory of Wever and Bray (1930) which have been 
referred to under the description of the volley theory on page 932 of 
this chapter. 

IV. Physiological Evidence 

The experimental evidence is found to fall under the following head- 
ings: anatomical and histological evidence; the results of pathological in- 
vestigations; experiments on animals; the results given by mechanical 
models; evidence of a physical nature. Each of these different categories 
will be considered in the sections which follow. 

1. Anatomical and Histological Evidence. If a series of sections of the 
cochlea is examined, it will be seen that marked differences occur as one 
passes up the cochlear canal. The canal itself is definitely larger at the 
bottom than it is at the top. The bony spiral lamina also is notably wider 
at the bottom than it is at the top, so also is the mass of tissue attached to 
the opposite wall of the cochlear canal, namely, the stria vascularis. But 
the increase in width as one passes down the cochlear canal affects the 
bony spiral lamina to a far greater extent tlian it does the canal itself. In 
consequence, the basilar membrane which is stretched across from the tip 
of the bony spiral lamina to the stria vascularis decreases in width as one 
passes from the top of the canal to the bottom. That is, it alters its dimen- 
sions in precisely the opposite direction to those of the other three struc- 
tures we have been considering. Thus, the shortest fibers of the basilar 
membrane are those nearest to the oval and round windows. If the struc- 
tures attached to different parts of the basilar membrane are carefully 
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examined, it will be seen that they vary greatly in mass at different parts. 
The shortest fibers of the basilar membrane have small cell masses at- 
tached to them. On the other hand, the long fibers of the basilar mem- 
brane are found to be very heavily loaded with cells. If we examine the 
sectional areas of these cell masses attached to the shortest and longest 
fibers in a number of sections, we shall find that they suggest that the 
dimensions increase more than do the lengths of the fibers to which they 
are attached. Consequently, if we assume, for the sake of argument, that 
the short fibers are one-third the length of the long ones, then the cell 
masses should be in the ratio of 1 to 9 if their dimensions corresponded 
precisely to those of the basilar membrane fibers to which they are at- 
tached. But instead they appear to vary by a distinctly greater amount 
than this, possibly by as much as 1 to 12. On scrutinizing the bony spiral 
lamina and the stria vascularis, we find corresponding changes in their 
massiveness. Those near the bottom of the cochlear canal which are sup- 
porting the short, lightly loaded fibers are wide and strong and give the 
appearance of considerable strength. On the contrary, if the corresponding 
parts of the upper canals are examined, the bony spiral lamina and stria 
vascularis which have to support the long, heavily loaded fibers are seen 
to be relatively weak. These observations appear at first sight to be con- 
tradictory to one another. Long, heavy fibers which would be expected to 
require strong supports apparently do not have them, while short, lightly 
loaded fibers have supports provided out of all proportion to them. Ac- 
cording to the resonance theory, the clue to this apparent contradiction 
lies in the degree of tension which exists in the different parts of the basi- 
lar membrane. Thus, it is necessary for the short fibers to respond to 
notes of very high pitch; that is, in addition to being short and lightly 
loaded they must have a very considerable tension. On the other hand, 
the long, heavily loaded fibers have, according to the theory, the function 
of responding to the lowest tones of the musical range. They will conse- 
quently have very low tensions and thus will require very weak lateral 
supports. These histological differences have their most rational explana- 
tion on the basis of the resonance theory. There would, however, be little 
diflSiculty in so modifying the alternative theories that they fitted in with 
some, if not most, of the histological facts. 

2. Evidence of a Pathological Nature, Many references are made in 
the textbooks to the disease which boiler-makers acquire. It is shown by 
deafness to high-pitched tones, with some loss of acuity for tones of all 
parts of the audible range. An examination of the cochleae of sufferers 
from this disease has demonstrated in most cases lesions in the basilar 
membrane or the structures attached to it, which have been limited to the 
short fibers situated at the lower part of the cochlear canal. Several of 
the theories which have been outlined above can be made to account ade- 
quately for this disease. It fits the resonance theory, since high-pitched 
tones to which the patient is deaf are due to resonant vibrations in the 
short fibers, which are found to be affected pathologically. It can also 
be made to fit in with the telephone theory, particularly m its more recent 
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modifications, on the ground that the parts diseased are those nearest to 
the piston of the stapes and therefore the first to be subjected to the full 
force of the intense noises of the boiler shop* The sound-pattern theory 
of Ewald is not in this favorable position. It seems difficult to under- 
stand -why the diseased areas should be limited to any particular part of 
the cochlear canal. 

The existence in individuals of lacunae or islands of deafness has been 
frequently reported. In order that these islands may be disclosed, careful 
testing of each ear by itself has to be performed because the law of chance 
makes it unlikely that pathological changes affecting localized portions of 
the cochleae of the two ears would affect identical parts. The findings aie 
that a particular part of the audible range of tones is missing in one ear 
(Fraser, 1922). It is stated that this has in certain cases been found 
associated with local pathological changes in the cochlea of approximately 
the region to be expected on the resonance hypothesis. Such a correlation 
fits in admirably with the resonance theory and is, so far as can be judged, 
equally inexplicable on any of the other theories. Unfortunately, precise 
references to the papers reporting these cases have not proved traceable, 
although references to them are frequently made (Boring, 1926, p. 183). 

Another pathological change frequently referred to in the literature is 
known as double disharmonic hearing (diplacusis). In this condition, 
the two ears respond to a single musical tone as if two tones out of tune 
with one another were being received, one by one ear, the other by the 
other. Thus, on stopping the external meatus of one ear, the phenomenon 
largely disappears. It can be easily accounted for on the resonance theory 
by supposing that a part of the cochlear canal of one ear has suffered such 
a pathological change that the basilar membrane or the structures applied 
to it (or both) vibrate at a different frequency from the normal, either by 
changes in tension, mass, or length. The result would be that a pure 
tone would set into vibration a different area of basilar membrane from 
that which it ordinarily did. In consequence, the auditory nerve fibers 
conveying impulses from one ear would not correspond to those from the 
other and thus disharmonic hearing would result. The phenomenon would 
not be difficult to explain on Ewald^s sound-pattern theory, since patho- 
logical change to one cochlea might cause the sound patterns to be modi- 
fied in design. It is, however, difficult to reconcile with the telephone or 
wave theories of hearing (Liebermann and Revesz, 1914; Shambaugh 
and Knudsen, 1923). 

Lastly, it is stated that hearing has persisted in spite of complete patho- 
logical destruction of both cochleae. If this statement were authenticated, 
it would point to some other structures^ in addition to or instead of the 
cochlea, being responsible for the recognition of sounds. This would 
seem to be extremely unlikely. 

3. The Evidence of Animal Experiments. Two different kinds of ex- 
periments have been performed on animals which are related to the patho- 
logical changes referred to in the previous section. In the first variety 
of experiment, localized destruction by surgical interference of a limited 
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part of both cochleae has been attempted. On the subsequent recovery of 
the animal, experiments to determine the existence of deafness to certain 
parts of the audible range have been carried out. Thus, Baginsky (1883/z^ 
1883^, 1888) is reported in Schafer’s textbook (1900, p. 1181) to have 
found deafness to low tones after destruction of the upper parts of the 
cochleae of dogs while destruction of the basal portions produced deafness 
to high tones. Stepanoff (1888) is reported by the same author to have 
found no loss of perception for low tones when in guinea pigs the upper 
parts of the cochleae were destroyed. He “tested hearing by the doubtful 
expedient of observing a reflex movement of the auricle when a sound 
wave was heard, and he found that the animals reacted even after the 
perilymph and endolymph were flowing out of the broken cochlea apex. 
This is too rough an experiment and does not appear to have much value.” 
It should be noted that great care must be used in experiments such as 
these to employ sources of sound which are unaccompanied by upper par- 
rials (overtones) because, unless this is done, the partials of a low tone 
may be perceived and produce a reaction while the conditions are such 
that the tone itself cannot receive recognition. I'he second variety of 
experimental work on animals depends on the production of analogous 
conditions to those met with in boiler-makers, that is, the animals ate 
subjected first of all to long-continued musical tones in the hope that 
pathological changes will be set up in their cochleae. This is subsequently 
sought for by histological examination. The most frequently referred to 
experiments of this nature were performed by Yoshii (1909). He ex- 
posed guinea pigs to continuous tones for intervals of the order of 50 to 
60 days. “He used an Edelmann whistle of 4138 vibrations, a siren of 
1034 vibrations, a whistle of 976 vibrations, and an organ pipe of 193 
vibrations. After exposure to one of these stimuli, the animal was killed 
and the cochleae examined histologically. In general, he found destruc- 
tion of the organ of Corti over a range of one-quarter to one-half a turn 
of the cochlea. Moreover, he found that the regions of destruction 
occurred in the order of frequency, with the highest frequency towards 
the base of the cochlea. Since the small end of the basilar membrane 
lies at the base of the cochlea, the results might seem to support Helm- 
holtz’ resonance theory, although Yoshii himself concludes that the region 
affected is too broad for Helmholtz’ theory and falls back upon Ewald’s.” 
The above quotation is taken from Boring’s paper (1926, p. 184). With 
regard to the wide range of cochlea affected in Yoshii’s experiments, one of 
the commonest misunderstandings of Helmholtz’ theory is to think that a 
small area of basilar membrane is alone affected by any one pure tone. It 
would seem that the size of the area is a function of intensity and that a 
loud tone may affect quite a wide area of basilar membrane. It should be 
noticed that Yoshii used whistles, an organ pipe, and a siren. With regard 
to the two former, it is well known that their pitches vary with change of 
temperature and barometric pressure. It i$ also known that the funda- 
mental tone is usually accompanied by one or more moderately strong over- 
tones. The siren also is usually a source of variable pitch which is accom- 
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panied by overtones. It would appear justifiable to conclude that to some 
extent, at all events, the width of basilar membrane affected was due to 
variations in the pitches of the stimulating tones. When these points have 
been taken into account, Yoshii’s experiments would appear to be more 
readily correlated with the resonance hypothesis than with any one of its 
rivals. Thus, a sound-pattern theory would necessitate a number of local- 
ized areas of degeneration. These were not found. The telephone theory 
would necessitate degeneration of the whole of the cochlear apparatus and 
not of selected localized parts. According to the wave theory, it should 
presumably be lower parts of the basilar membrane or the structures at- 
tached to it which suffer the pathological change. Boring has, however, 
accounted for their actual positions on his modification of this theor5^ as 
has been mentioned above. One of the most crucial tests so far as animals 
are concerned would appear to be one based on Pavlov’s method of condi- 
tioned reflexes. Localized islands of deafness produced either surgically 
or as the result of stimulation by pure tones could readily be identified with 
considerable precision by this technique. It is reported that such experi- 
ments have already been performed either by Pavlov or his co-workers. 
No reference to them can be found, however, in Anrep’s translation 
(1927). 

Quite recently further experiments have been reported (Hallpike and 
Rawdon Smith, 1934) which support the resonance theory. The cochlea 
of one ear of an anaesthetized cat was exposed. By means of a dental 
burr a small excavation was made near the base until cochlear fluid began 
to seep through the floor. A similar depression was now drilled near the 
apex. Into each depression a small bead of mercury was placed and to each 
bead a platinum electrode was connected. In response to sound stimuli 
electric potentials were developed between these electrodes and an indif- 
ferent electrode placed beneath the mylohyoid muscle. These potentials 
were amplified and recorded by means of a cathode ray tube and camera. 
With the amplifier connected to the apical electrode and the indifferent 
electrode the potentials with a note of 250 cycles were found to be three 
or more times as great as they were when the amplifier was connected to 
the basal electrode and the indifferent one. With a note of 2050 cycles 
the converse was the case. The conclusion is that structures near the apex 
of the cochlea are affected by low notes, and others near the base are 
affected by high ones. This is in agreement with the resonance theory, 

4. The Evidence of Models, A number of models have been con- 
structed in order to throw light on the theory of hearing, Helmholtz 
is reported to have made one. McKendrick describes in Schafer’s text- 
book (1900, p. 1182) a model that he constructed. Models have also 
been constructed by Ewald (see Luciani, 1917, p. 241) and Wilkinson 
(1922-1924), and many others. Not a single one of any of these models has 
failed to substantiate the theory of its designer, judging by the descriptions 
given by them. Yet all their theories differ materially from one another. 
With regard to Ewald’s model, a brass box was fitted with a diagonal par- 
tition in which had been cut a long narrow slot. This was covered by a thin 
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rubber membrane, and the apparatus was filled with fluid. By suitably 
arranged glass windows, microscopic observation could be made of the 
vibrating parts of this membrane. Ewald obtained with it evidence of 
an indisputable nature pointing to a sound-pattern hypothesis of hearing. 
Wilkinson's models differed from Ewald's in employing a number of 
stretched wires to represent the fibers of the basilar membrane. Observa- 
tion was made of the vibrating parts by the heaping-up of small particles 
of blue enamel. His papers illustrate the responses which he obtained. 
In his opinion, they proved two facts: (1) that the cochlea behaves as 
a resonator, and (2) that the mass of the fluid wdiich fills the apparatus 
and is set in motion by the piston of the stapes forms part of the mass 
of the vibrating system of the basilar membrane. With regard to the 
first conclusion, four sets of photographs are in Hart ridge’s possession. 
Set 1 was reprinted from the Journal of Laryngology and Otology (see 
Wilkinson, 1922) ; Set 2 was sent privately to Hartridge by Dr. Wil- 
kinson; Sets 3 and 4 were also sent privately, but w'eie, it is believed, pub- 
lished later by the British Association in 1922. The number of photo- 
graphs of the apparatus after musical tones had been applied is shown in 
column 2 of Table 1 ; in column 3 is showm the number definitely show- 
ing single responses, while in column 4 is show^n the number definitely 
showing multiple responses. 

TABLE 1 


Set no. 

No. of photographs 

Definitely 

single 

Definitely 

multiple 

1 

3 

1 

2 

2 

3 

None 

2 

3 

5 

None 

4 

4 

2 

1 

1 


Sets 2, 3, and 4 appear to be those reproduced in Plate IV, Wilkinson 
and Gray’s book (1924, p. 85), Of thirteen tests, two alone have given 
definitely single responses, while nine appear to have given definitely mul- 
tiple ones ; two are difficult to class. The experimental evidence given by 
these models would appear to be more definitely in favor of the sound- 
pattern theory than of the resonance theory. Up to a point, this result 
is satisfactory because it would be difficult to understand why one experi- 
menter (Ewald) should obtain quite different results from another (Wil- 
kinson). It is difficult to see the bearing of these experiments on the 
mode of operation of the cochlea. Both models were different in many 
ways from the apparatus in the cochlear canal. In one very important 
particular, they differ very greatly, namely, dimensions. It is a well- 
understood fact that scale models frequently give quite different results 
from their full-sized counterparts ; particularly is this the case when deal- 
ing with the fluid friction aspects of hydraulics. Until a model has been 
constructed of precisely the same dimensions as the cochlea itself, 1 think 
it would be well to suspend judgment. With regard to Wilkinson’s sec- 
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ond conclusion, that the fluid inteiposed between the piston of the stapes 
and the particular area of basilar membrane in vibration adds its load to 
that of the membrane, Hartridge calls attention to the following points. 
In Wilkinson’s photographs, no single set taken of the same model shows 
more than one single response. One is therefore at liberty to assume that 
any one of the multiple responses is the true one and that all the others are 
false. This en'ables one to draw very nearly whatever conclusion one 
wishes. It would seem to me, therefore, to be unwise to come to any con- 
clusion with regard to the fluid load without further evidence. Such evi- 
dence does not, unfortunately, appear to be given by a further piece of 
apparatus made by Dr. Wilkinson (1927^). The difficulty in accepting 
the hypothesis may be stated as follows: The piston of the stapes, when 
it is set in motion, applies forces to the liquid in the cochlear canal. These 
forces are applied in all possible directions over a solid angle of 180**. The 
area of basilar membrane set into vibration is similarly affected by the liquid 
in contact with it, also through a solid angle of approximately 180®. On 
Wilkinson’s hypothesis a more or less limited fluid path extends like a 
narrow curved band between the piston of the stapes and the basilar mem- 
brane. No reason can be seen for such a view. 

5. Experiments on the Critical Frequency of Pulsation of Tone, Ex- 
periments on the critical frequency of pulsation of tone have been per- 
formed by Weinberg and Allen (1924). If a rotating disc which has 
suitable slots cut in it is interposed between a source of sound and tubes 
going to the ears, it is found by experiment that a particular rate of 
rotation is required in order that the pulsations produced in the tones 
shall just disappear. If, now, prior to making each observation, the ear 
is stimulated for two minutes by a pure musical tone, then it is found 
that not only this tone but others near it in pitch are affected so that a 
slower rate of rotation suffices to abolish the pulsating effect. The mag- 
nitude of the effect and its spread on either side of the pure tone to which 
the ear is first subjected depends on the loudness and pitch and to some 
extent on the observer. The maximum effect is roughly 10 per cent, and 
it affects a range of approximately 15 d.v./sec. on either side of the pure 
tone. So far as is known, the critical speed of the disc measures the 
sensitivity of the ear to small differences of intensity. It will be shown 
later that these experiments give valuable evidence in favor of the res- 
onance theory. 

If we suppose that a small modification in the sound pattern alone occurs 
for a small change of pitch, then we can account for the phenomenon on 
the sound-pattern theory also. But it is very difficult to find satisfactory 
explanations either on the telephone theory or on the wave theory. In 
the case of either of these, we should expect all audible frequencies to be 
affected to approximately the same extent. 

6. The Effect of Changing the Phase of a Musical Tone by a Half 
Wave-Length (Hartridge, 1921). If periodically applied forces are caus- 
ing vibration of a mechanical system which has a natural period of vibra- 
tion and if these applied forces are reversed in their time relationships 
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SO that the vibration of the mechanical system is beins? opposed by the 
forces which are now being applied to it, then the vibrations gradually 
die away so that the mechanical system comes to rest. Then fresh vibra- 
tions begin and are gradually built up which are exactly opposed in phase 
with those which the system was originally performing. For example, 
the case of a body of men crossing a suspension bridge and setting it 
swinging may be cited. If the men change step, the motion of the 
bridge will first be arrested and will then be restarted in time with the 
new step; this process can be repeated any number of times. On the 
other hand, if forces of sufficient magnitude are applied to a mechanical 
system which has no natural period so as to make it vibrate, then the 
change of phase in the incoming forces will be followed by an immediate 
reversal in the vibrations. We can use this test for ascertaining whether 
any mechanical system has a natural period of vibration or not. If it 
has a natural period of vibration, its vibrations will slowly die out and 
will then slowly recommence. On the other hand, if it has no natural 
period of vibration, its vibrations will suffer no interruption. This test 
can be applied to the ear with suitable apparatus (Hart ridge, 1921), the 
principal difficulty being to devise the necessary apparatus for changing 
the phase of the tone which is being used for the test, without at the same 
time changing the intensity or quality of the tone. The following method 
was found to give satisfactory results. A de la Tour siren was altered so 
that its wind chest could be rotated about the same axis as that of the 
siren disc. By means of fixed stops, which were covered with rubber in 
order to absorb shock and so prevent the production of noise, the rotation 
of the wind chest was limited to that amount ‘which would just produce a 
change of phase of one-half vibration in the musical tone made by the 
siren. Fortunately the rotation required is the same for all musical tones. 
In the case of the siren that was used, it was 10 degrees. A spring was 
fitted so as to produce the rotation, as well as a trigger mechanism for re- 
leasing it suddenly. On making observations with this apparatus, it was 
found that a sudden change of intensity occurred in the tone each time 
the trigger was released. The intensity appeared to fall rapidly to zero 
and then rapidly to recover its original strength, or possibly momentarily to 
reach a somewhat greater intensity than it had had before. The phe- 
nomenon was heard equally well with all tones within the range of the 
siren, and it was readily heard by a large audience. Careful tests showed 
that the change in the intensity was not of instrumental origin. It must, 
therefore, have been produced by some mechanism in the ear. We are 
forced to conclude, therefore, that a musical tone falling on the car sets 
into vibration some mechanism having a natural period of vibration, for 
unless this is the case no such change of intensity would have been pro- 
duced. Now the drum-skin ossicles and muscles together form a mecha- 
nism which has a natural period of about 10 d.v. per second. That is, 
when it is transmitting a tone of, say, 250 d.v., it is performing what are 
called forced vibrations. It behaves to these as if it were dead beat, and 
therefore it is clear that this mechanism cannot be responsible for the 
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phenomenon which has been observed. We must conclude, therefore, that 
the mechanism in question lies in the internal ear. Such a supposition 
would fit in with either the resonance hypothesis or the sound-pattern 
hypothesis since in both cases the assumption made is that different parts 
of the cochlear mechanism have different natural periods of vibration. 
On the contrary, the telephone hypothesis and sound-wave hypothesis make 
the assumption that the basilar membrane and its associated structures 
have no natural periods of vibration and therefore do not act selectively 
to different incoming tones. It is quite impossible, so far as I can see, 
to account for this change in intensity on either of them. 

Recently the effect of change of phase on the ear has been investigated 
by another method (Hartridge, 1934). A brass disc about 12 inches in 
diameter was turned truly on a steel shaft. An inner row of ninety-six 
equidistant slots was now milled through it from side to side, the distance 
between the first slot and the ninety-sixth slot being the same as the dis- 
tance between any other two neighboring slots. An outer row of ninety-six 
equidistant slots was similarly milled through it, the distance between the 
first and the ninety-sixth slot being only half that between any of the other 
slots, thus introducing a change of phase of tt. When the disc is rotated 
by an electric motor and a stream of air is directed onto the inner row 
of slots, a continuous musical tone of constant pitch is produced. When 
the stream of air is directed onto the outer row of slots, a musical tone of 
constant pitch is heard, but this tone is interrupted once at each revolution 
of the disc when the change of phase in the tone occurs. Since the inter- 
ruption effect heard by the ears can be imitated by stopping up two neigh- 
boring slots of the inner row, I conclude that the effect heard by the ears 
is a true interruption and not, for example, a change of pitch of the^ tone. 
This experiment, therefore, confirms in every respect the earlier experiment. 

7. Experiments on Relative Phase (Cosens and Hartridge, 1922). 
It can be shown by calculation or by graphic methods that when two 
pure tones of different wave-lengths are combined in different phases, 
the resulting air vibration varies greatly in shape. For example, if the 
tones have a ratio of 3 to 1 (that is, one tone being 426 d.v./sec. and 
the other one 142 d.v./sec.), it is found that their combination in one 
phase of relationship produces a curve with a plateau having a slight dip 
in the middle of it. On the contrary, their combination in a phase differ- 
ing from the above by ISC’ produces a curve with a sharp peak followed 
by two slight undulations near the base line. 

If the ear performs harmonic analysis on the composite wave which it 
receives, there should be no change in this analysis on changing the relative 
phases of the components. On the contrary, if harmonic analysis is not 
performed, it would be expected that some change would be produced in 
the sounds that are heard, since changing the phases produces such a 
marked effect on the sound vibrations which are reaching the ear. This 
can therefore be made the basis of a test to see whether harmonic analysis 
is performed by the ear or not. If it is performed, we should expect the 
observed sounds to be the same and to be independent of the relative phases 
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in which the tones are reaching the ear. On the contrary, if no harmonic 
analysis is performed, we should expect some change to be observed. The 
experiment was performed in the following manner: Two tuning forks, 
both of them electrically driven, were taken. One of these was adjusted 
to vibrate at 426 d.v./sec., the other was adjusted to give 142 d.v./ 
sec., i.e., in the ratio of 3 to 1 ; for the reason pointed out above, this 
ratio was selected in preference to others. These were driven by separate 
electrical circuits so as to prevent the possibility of one fork’s being dragged 
into a particular phasal relationship with the other one. Wires were 
attached to the prongs of the forks; the other ends of the wires, which 
were three or four meters long, were attached to separate sounding boards, 
so that the tones produced by the forks were caused to combine near the 
observer’s ear. The higher pitched fork sounded continuously, the lower 
one was alternately stopped and started at irregular intervals so that its 
phase should have a random relationship to that of the other fork. The 
experiment was repeated a number of times without any change in quality 
of the mixed tone being detectable. The inference is that the ear contains 
some apparatus by means of which harmonic analysis can be performed 
on the incoming sound vibrations. The only form of apparatus which 
could be accommodated within the dimensions of the internal ear is a 
system of resonators. This experiment is not only readily explained on 
the resonance hypothesis, but also a fundamental part of it appears to me 
to be inexplicable on any of the alternative hypotheses. 

8. The Relationship between the Properties of Resonators, Experi- 
ment shows that, in addition to natural period of vibration, there is another 
important property of the resonator, namely, the degree of damping 
(Helmholtz, 1895, p. 143). This important factor controls the behavior 
of resonators in two ways: (1) the sharpness of their resonance, and (2) 
the persistence of their vibrations. Sharpness of resonance may he defined 
as the ability of a resonator to vibrate when its own tone and no other is 
incident on it. Persistence of vibration we can define as the number of 
vibrations it continues to perform after the forces which have set it into 
vibration have ceased to act. A few examples may help to make these 
properties clear. Take, for instance, the diaphragm of a telephone. Its 
function is to vibrate with equal facility in response to sound waves of 
the whole audible range. Now it is clear that if it possessed any sharp- 
ness of resonance it would respond by vibrating to certain selected tones 
and not to others. Such a property would make it very inefficient for the 
purpose in hand. Consequently, it is made as aperiodic as possible. This 
result is achieved by damping its natural vibrations by means of rubber 
pads. With regard to persistence of vibration, it is clear that its be- 
havior will be spoiled if it continues in vibration after the sources of 
sound which have set it into vibration have ceased, because persistent 
vibration on its part would tend to fill up the intervals of silence which 
are so essential for clear speech. Its persistence should therefore be negli- 
gible, that is, it should be as dead beat as possible. This result is also 
achieved by padding it with rubber. It is clear, therefore, that, the more 



944 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

highly damped the mechanical system is, the less selective does its resonance 
become and the less persistence it possesses. To take another example: 
An apparatus is required for releasing garage doors when the electric horn 
of the car which is kept in it is sounded outside. Such an apparatus should 
be made sharply tuned in order that it may release the doors when the 
particular tone is sounded, but not release them when other motor-car 
horns having other tones chance to be sounded. A tuned piano string 
would be an example of such a sharply tuned resonator. Experiment shows 
that a difference of pitch of one or two vibrations per second will suffice to 
render the mechanism inoperative. That is, the garage doors will open 
to a musical note of 250 d.v./sec., and will not open to musical notes below 
248 or above 252. With regard to persistence, such a piano wire when 
struck by its hammer will continue to vibrate with sufficient strength to 
emit an audible sound for one or two minutes. It is clear then in this case 
that sharpness of resonance is accompanied by the exhibition of marked 
persistence of vibration. A third example would be the tuning fork. 
This is so sharply tuned that under ordinary circumstances it requires 
the vibrations of another tuning fork of almost identical pitch to cause 
it to perform resonant vibrations. Its persistence is equally remarkable. 

We see in all these cases that the increased sharpness of resonance is 
accompanied by increased persistence. This relationship Helmholtz (1895, 
p. 143) indicated as in Table 2. 

TABLE 2 


Type 

Sharpness of 
tuning 

Persistence 


V 

% tone* 

38 vibrations 


w 

54 tone 

19 vibrations 


X 

Vz tone 

9.5 vibrations 


Y 

1 tone 

4.75 vibrations 


z 

2 tones 

2.37 vibrations 



tone is a 12-pei-cent change in frequency, e.g., a change from ZOO d.v./ sec. 
to 112 d.v./sec. 


Helmholtz defined sharpness of tuning, in terms of the tone, as shown in 
column 2, in the following manner: Suppose a resonator to be set into 
resonant vibration by a tone of precisely its own natural frequency. Let 
this be 100 d.v./sec, for the sake of argument. By trying in turn other 
ton^, e.g., 99 d.v./sec., 98.5 d.v./sec., and so on, that one is found 
which will cause it to vibrate with an amplitude which is precisely one- 
tenth that which it performs when the tone of its own natural frequency 
is sounded. Suppose this tone to be 99.5 d.v./sec. Then it is clear 
that it differs from the natural tone of the resonator by half a tone, that 
is, that it corresponds to X in the above table. The corresponding persist- 
ence will be seen to be 9.5 d.v. This means that, if it were set into vibra- 
tion so that its amplitude was one-tenth of a millimeter, it would perform 
9.5 d.v. before that amplitude was reduced to one-hundredth of a milli- 
meter. A further 9.5 d.v. would be required to reduce the amplitude to 
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one-thousandth of a millimeter, and so on. It is clear that the stretched 
string will correspond to the upper section of the above table, 'whereas the 
telephone, which has practically no sharpness of resonance and no persist- 
ence, would be placed on a line far below Z. 

Now, if we demonstrate that the ear possesses the property of sharp- 
ness of resonance, we have shown that it has one of the properties which 
belong to resonators. If, secondly, we prove that the ear exhibits the 
phenomenon of persistence, we have shown that it possesses another property 
possessed by resonators. If, moreover, we can demonstrate that the sharp- 
ness coeiEcient and persistence coefficient correspond with those in Helm- 
holtz’ table above, we have produced well-nigh irrefutable evidence that 
there are resonators in the internal ear. The following experimental 
method used by Mayer (1894) will enable us to measure the sharpness of 
resonance of the ear. Two tuning forks of nearly the same pitch are 
taken. One of them can be made sharper or flatter than the other by any 
required amount. When they are simultaneously struck, audible beats 
are produced. These beats decrease in intensity and increase in fre- 
quency as the difference between the pitches of the two tuning forks is 
made greater. By careful adjustment the forks are arranged so that the 
beats have just become inaudible. The difference of pitch between the 
two forks is now carefully measured. It defines the sharpness of tuning 
of the ear, because beats will be produced only when both tones set into 
appreciable vibration the same area of basilar membrane. If the sharp- 
ness of tuning of the basilar membrane is approximately the same for 
each of these tones, this area must be situated midway between them, and 
may be quite small. When the tones have been so far separated that the 
beats become inaudible, they are no longer simultaneously affecting this in- 
tervening area, and so we can say that their sharpness of resonance is repre- 
sented by one-half the difference in frequency between them. For example, 
suppose one tone to have been 250 d.v./sec., and the other tone to have 
been 230 d.v./sec., then the .sharpness of resonance is represented by 10 
vibrations. This number of vibrations represents about one-third of a 
tone. Therefore, the ear would exhibit roughly the same behavior as 
resonators between W and X in the above table. 

The following experimental methods have been used to measure the per- 
sistence of the ear; (a) the number of trills or shakes which can be clearly 
heard by the ear (Hartridge, 1922) ; (b) the speed at which a disc must 
be rotated so as just to produce inaudible pulsations in the musical tone 
which is being interrupted. The experiments of Weinberg and Allen 
(1924) have already been alluded to above. The experiments of Mayer 
(1894, p. 18) must also be alluded to* It is quite clear from all these 
experiments that some mechanism in the car continues in vibration after 
the musical tone which sets up those vibrations has ceased to sound. In 
other words, the ear exhibits one of the characteristic properties of resona- 
tors. One example may be given. At middle C (256 d.v./sec.), Mayer 
found that the ear did not suffer an appreciable diminution in the intensity 
of sound unless a silent interval corresponding to a longer time than 
two vibrations was allowed to elapse. 
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Figures will now be given in support of the statement that the 
sharpness of resonance coefficient and the persistence of vibration 
coefficient for tones of different pitch bear the relationship to be 
expected according to Helmholtz’ table. These figures are given in 
Table 3. If the S and P columns of Helmholtz’ table given above are 


TABLE 3 


Mean tone 

Sharpness factor 

Persistence factor 

S X P 

128 

12.70 

1.78 

22.60 

256 

10 00 

2.06 

20 60 

320 

9.45 

2.19 

20.70 

384 

9.07 

2.18 

19.75 

512 

8.45 

2.37 

20.00 

640 

8.15 

2.54 

20.65 

760 

7.82 

2 68* 

20.95 

1024 

7.22 

3.01 

21 70 


^The mean tone for this persistence factor was actually 768. The fouith- 
column figures (S X P) are obtained by multiplying the sharpness factor by the 
persistence factor. 


multiplied together, the product is in each case 4.75. When the S and P 
factors in the above table are multiplied together, it will be seen that they 
average about 21, The reason why they do not give the same product as 
those of Helmholtz’ table is because Helmholtz calculated his figures on 
the assumption that the amplitude of vibration was reduced to one-tenth 
its initial value in the case of both coefficients. On the other hand, the 
values found for the ear depend on the sensitivity of the hair-cells. Their 
absolute threshold is involved in the measurement of the sharpness factor, 
whereas their difference threshold k involved in determining the persistence 
factor. The values of neither of these thresholds are accuratelv known, 
although Hart ridge’s calculations lead him to suppose that the absolute 
threshold has a value of about 6 per cent, while the difference threshold 
has a value of about 2.5 per cent. In consequence, neither the sharpness 
factor nor persistence factor is identical with Helmholtz’ sharpness coeffi- 
cient and persistence coefficient. In consequence, their products are 
different. But the point of importance is that the products in the above 
table are nearly constant, as they are on Helmholtz’ table, and this would 
be the case only if the ear contained a system of resonators. 

To summarize, resonators exhibit three properties: (a) sharpness of 
resonance; (b) persistence of vibration; and (r) a constant product 
for these two factors. The ear exhibits these three properties. The 
conclusion is that it contains resonators. 

V. The Resonance Hypothesis 

It is possible that one reason why the resonance theory meets with 
objection is that there is great difficulty in picturing the events taking 
place in a large number of resonators of different pitches when musical 
tones commence to fall on the ear and when these same musical tones 
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cease. It is therefore proposed to describe as concisely as possible what 
one would observe taking place according to the resonance theory if one 
could watch the cochlea at w^ork. 

1. The Commencement of a Musical Tone, Let us suppose the cochlea 
to be at rest and that a pure musical tone of constant intensity of 254 
d.v./sec. commences to fall on the ear. Then it^ is clear that the sound- 
wave energy entering the ear in unit time remains constant for as^ long 
a time as the musical tone continues, because that tone is constant in pitch 
and amplitude. In consequence, the total energy to be distributed be- 
tween the different fibers composing the cochlea must be directly pro- 
portional to the length of time during which the musical tone has been 
arriving, if we assume either that no energy is lost in overcoming friction 
or producing eddies or if these losses are constant. On this basis it is 
possible to calculate the number of resonators which will be in vibration 
after any given number of vibrations and the average amplitude of 
vibration of these same resonators. It is also possible to calculate the 
amplitude of vibrations of the resonator which is strictly in tune with 
the incoming musical tone, that is, 254 d.v./sec. 

TABLE 4 


Number of sound 
waves from com- 
mencement of tone 

Number of res- 
onatois in 
vibration 

Average ampli- 
tude of vibra- 
tion of resona- 
tors in percentages 

Percentage 
amplitude 
of “in-tune” 
resonator 

1 

12,000 

.3 

3 

2 

2,000 

3.0 

9 

3 

1,200 

8.0 

17 

4 

900 

13.0 

27 

5 

700 

21.0 

39 

6 

580 

31.0 

50 

7 

480 

44.0 

61 

8 

400 

60.0 

72 

9 

340 

80.0 

83 

10 

300 

90.0 

93 

00 

240 

100,0 

100 


In calculating Table 4, it has been assumed that the sharpness of reso- 
nance of the **in-tune” resonator is 0.6 of a tone on Helmholtz* scale. It 
will be seen that, after the arrival of only one sound vibration, 12,000 
resonators are vibrating with an average amplitude of 0.3 per cent. If 
no previous sound waves have fallen on the ear for some little time, 
it is quite possible that this amplitude of vibration will stimulate the 
auditory hair-cells. This will cause a large number of auditory nerve 
fibers to send impulses up to the temporal area of the cerebrum. On the 
other hand, if the ear has been recently receiving previous tones, there is 
experimental evidence which suggests that any intensity less than 3 per 
cent of the maximum remains unnoticed because it is below the threshold 
of stimulation of the hair-cells. In this case, then, we see that the 
^In-tune** resonator will be vibrating with an amplitude of 3 per cent, 
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i.e., its swings will have just sufficient amplitude to cause stimulation of the 
hair-cells attached to it. The rest of the resonators in vibration have an 
amplitude which is, on the average, one-tenth this, according to the above 
table, and therefore their vibrations will be below the threshold value 
and their effects will therefore not be transmitted to higher centers. 
After two vibrations have been received by the car, 2000 resonators are 
calculated to have an average amplitude of 3 per cent, which is the 
threshold value. On the other hand, the ‘*in-tune’^ resonator which forms 
one of these has reached an amplitude of 9 per cent, which is three 
times the threshold value. Consequently, certain of these 2000 must 
have an amplitude v'hich is below the average, and therefore the area 
of the cochlea from which impulses are traveling up to higher centers 
must be less than 2000. An inspection of the table will show that if 
the incoming sound vibrations continue to affect tlie cochlear mechanism 
the number of resonators rapidly decreases until, aften ten vibrations 
have been leceived, the amplitude of the ''in-tune” resonator is 93 per cent 
of the value it will finally reach if the sound waves continue to arrive 
for an infinite length of time. On the other hand, after seven vibrations 
have been received, the number of resonators in vibration is roughly only 
twice the number which will finally be remaining m vibration when the 
sound continues to arrive for an infinite time. At the commencement of 
a musical tone, we should, therefore, expect to find (a) an element of 
uncertainty in the pitch since the "in-tune” resonator has an amplitude 
which is not markedly better than that of surrounding resonators, and 
(^) the sensation of impurity in the musical tone owing to the fact that 
a wider range of resonators is temporarily set in vibration compared with 
those which normally respond to a pure tone. With regard to the first 
point: This deduction fits the experiments of Kohlrausch (see Pavlov, 
1927, p. 452) in which a musical tone of short duration -was compared 
with a musical source of sound of measurable pitch. A comparison was 
made between them to see how much sharper or flatter the variable tone 
had^ to be for the difference to be noticed. It was found that after sixteen 
variations the pitches had to be within 1 per cent of one another, whereas 
for a musical tone of three vibrations an accuracy of 2 per cent sufficed, 
and for a musical tone of two vibrations’ duration 3-per-cent accuracy 
was sufficient. The above experiment shows that a musical tone of very 
short duration has a somewhat indefinite pitch. With regard to the 
second point: The impurity of sensation at the* commencement of a tone 
IS a of fairly constant recognition. A number of musical instruments 
can be recognized from the kind of roughness which is produced at the 
coinmencement of their tones, e.g., the guitar, mandolin, banjo, and 
various other examples of stringed instruments where plucking or striking 
of the strings takes place. It can be demonstrated very simply by 
causing a musical tone to undergo a short interruption. This fact will be 
referred to later. We are now in a position to consider how soon after 
the commencment of a tone will it have apparently reached the steady 
state, with the disappearance of the phenomena that, as we have shown 
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above, take place at the beginning of the musical tone. On reference 
to Table 4, it will be seen that the “in-tune” resonator has nearly reached 
its tTKiYimii’m amplitude and that the number of resonators which accom- 
pany it on either side is only 20 per cent greater than the final number 
after ten vibrations of the incoming sound have reached the ear. Now 
the musical tone for which these figures were calculated was 254 d.v./ 
sec., and therefore ten vibrations of this tone will occur in approximately 
one’ twenty-fifth of a second. This is therefore the time required tor 
the ear to reach very nearly the steady state. 

2. The Identification of a Musical Tone. We must now consider 
how exactly the higher centers perceive this musical tone and differentiate 
it from others. In Table 5 is shown the amplitude performed by the 
different resonators which lie to either side of the “in-tune” one. 


TABLE S 


Number 

Amplitude 

Number 

Amplitude 

0 

100 

9 

86 

1 

99.3 

12 

74 

2 

98 

18 

55 

3 

97 

24 

41 

4 

96 

36 

24 

5 

94.7 

48 

15 

6 

93 

60 

10 

7 

91 

SO 

6 


No. 0 in Table 5 represents the “in-tune” resonator. No. 1 represents 
the resonator immediately next it on both the low-pitched and high-pitched 
sides. No. 2 represents the resonator immediately next both No. 1 reso- 
nators, and so on. It will be seen that a line is drawn between resonators 
No. 2 and No. 3. Calculation shows that the difference threshold for 
intensity is past where this line occurs. A similar line will be seen fol- 
lowing resonator No. 80. The amplitude below this point falls_ under 
the absolute threshold of intensity of the ear. Therefore approximately 
80 resonators on either side of the “in-tunc” one are sending up im- 
pulses along their corresponding auditory nerve fibers, that is, 161 in all. 
In the first place, I should like to point out how very different this num- 
ber is from the usual assumption that one or two or, at most, half a dozen 
resonators on either side of the “in-tune” one are performing sufficiently 
intense vibrations for their hair-cells to be affected. It should be observed 
that these resonators on either side of the “in-tune” one which arc accom- 
panying its vibration are not vibrating at the rate which corresponds to 
their own natural frequency. On the contrary, both those of longer pitch 
and those of shorter pitch are vibrating at precisely the same rate of vibra- 
tion as the “in-tune” resonator- That is, the whole area of basilar mem- 
brane affected moves up and down at one and the same time. Now the 
question has frequently been asked how, in the first place, these differrat 
resonators could vibrate each according to its own natural period, seeing 
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that they are all connected by lax fibers. The reply is that the lax fibers do 
not come into the question, for even if all the fibers were free they would 
all perform forced vibrations in step with the one strictly in tune with 
the musical tone. The other question w’hich has frequently been asked is 
why, if such a wide band of resonators be set into vibration, the ear hears 
a pure tone. Would it not be more reasonable to expect the ear to hear a 
markedly discordant tone since the 160 resonators which are in vibration 
correspond to nearly 1.6/tones? The reply to this question is that this 
state of affairs is the usual one. It always has been the case ever since the 
cochlea first functioned, and presumably it will continue to be the case 
unless some pathological change takes place. When we look at a distant 
point-source of light we cause an optical image to fall on our retinas which 
has dimensions far greater than those of any one retinal cone. It can be 
proved conclusively that a considerable retinal area receives light even 
when the image of a point-source of light is focussed as sharply as pos- 
sible on the retina. This does not cause discordant results. It is the 
habitual state of affairs. If we prick ourselves with a needle, a con- 
siderable number of sensory nerve endings, possibly of various kinds, 
receive stimulation, but discordant sensations do not result. It should 
be noted that the figures in the above table are at variance with a sug- 
gestion put forward by Gray (1905) which he has called “the principle 
of maximum stimulation.” The difference in amplitude between the 
strictly “in-tune” resonator and the ones which flank it on either side 
is so small that it falls below what I believe is the value of the smallest 
perceptible difference of amplitude which, as I have pointed out above, has 
approximately the value of 3 per cent. So far as can be seen not only 
the “in-tune” resonator but, in addition, the two which flank it on either 
side, which make five altogether, vibrate with so nearly the same ampli- 
tude that they send identically the same intensity of impulse up their 
respective auditory nerve fibers. Dr. Gray’s principle of maximum stimu- 
lation could be applied only if those five resonating elements were send- 
ing impulses of a different strength up their respective nerve fibers, and 
this appears not to be the case. The resonators which lie outside this 
central group of five are performing vibrations which are markedly less, 
so that the impulses which are sent up to their respective auditory nerve 
fibers are physiologically smaller than those sent up from the central 
group. In consequence, the strengths of impulses gradually fall off as the 
more peripheral part of the affected area of basilar membrane is approached, 
and this gradual decrease goes on until the 80th resonator away from 
the “in-tune” one is reached, at which point the absolute threshold is 
reached and no further stimulation of the auditory nerve fibers occurs. 
In just the same way that we regard the optical image of a bright source 
of light to consist of an area having a center with a peripheral margin 
which gradually decreases from bright to dark as one passes away from 
the center towards the extreme edge, so we also regard the sound image 
of a pure tone to consist of an area having an intense center with a peri^ 
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pheral margin which gradually decreases from loud to soft as one passes 
away from the center towards the extreme edges. 

3. The Cessation of a Musical Tone, We must now briefly consider 
the events taking place in the cochlea on the cessation of a pure tone. 
Table 6 shows the amplitudes of all the resonators which have been in 
vibration during the time that those vibrations die away to silence. The 
line above No. 1 shows that the amplitude of resonant vibration fell almost 
immediately after the exciting sound waves stopped below the difference 
threshold of stimulation. The line between No. 9 and No. 10 indicates 
that at about the amplitude corresponding to this number of vibrations 
the intensity of sound fell below the absolute threshold. In the case of 
the ^^in-tune’* resonator, therefore, almost immediately after the exciting 


TABLE 6 


Vibrations 

Amplitude 

Vibrations 

Amplitude 

1 

74 

9 

7.4 

2 

56 

30 

5.6 

3 

42 

11 

42 

4 

32 

12 

3.2 

5 

22 

33 

2.2 

6 

16 

14 

1.6 

7 

13 

IS 

1.3 

8 

10 

16 

1.0 


tone has stopped, the difference threshold is passed, and therefore impulses 
passing up the auditory nerve fibers should inform them that some 
marked diminution of intensity has taken place. At the end of nine 
vibrations, the absolute threshold is passed and the auditory nerve fibers 
cease to send impulse.s to the higher centers. Now these values have been 
calculated for a tone of 256 d-v./scc., nine vibrations will correspond to 
a time interval of approximately one twenty-eighth part of a second. It 
should be noted that when the exciting tone ceases, the resonators on 
either side of the ‘^in-tune’' tone, which have hitherto been vibrating with a 
frequency which was different from their own natural period of vibration, 
are no longer constrained to do this. When the exciting tone ceases, they 
are free to continue to vibrate for the short time indicated by the above 
table according to their own natural period of vibration. The higher 
pitched ones will therefore come to rest a very short time in front of the 
lower pitched ones. 

With regard to other tones in the musical scale above and below 256 
TABLE 7 

Tone Sharpness of Persistence of Time taken Time taken 

resonanc e vibration to begin to finish 

128 0.73 6.5 0.063 0.057 

256 0.59 8.0 0.040 0,036 

512 0.50 9.5 0.023 0.021 

1<^24 0.43 n.O 0.011 0.012 
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d.v./sec,, Table 7 shows roughly the time taken for the musical tone 
to begin. In the last column is shown the approximate time taken by its 
termination. The values in the second column for sharpness of resonance 
are in decimals of a tone, as in Helmholtz^ Table 1. It will be seen that 
both beginning and finishing take longer for tones of low pitch than they 
do for high ones. This fits in with the well-known fact that more rapid 
shakes can be made in the treble and still remain clearly audible than they 
can in the bass. It will also be seen that low notes suffer with respect 
to sharpness of resonance also. This may be correlated with the fact that 
the pitch of low tones is more indefinite than is the pitch of high tones, and 
that, moreover, beats occur between musical intervals in the bass which 
are free from beats in the treble. 

4. The Recognition of Silences, Brief consideration must be given to 
silent intervals of various durations. If the interval is greater than one- 
tenth of a second, then musical tones of all pitches have time to die away 
to complete silence. If, however, the interval is considerably shorter 
than this, the dying-away only partially takes place. For example, if a 
tone of 256 d.v./sec. is interrupted for two vibrations, then the amplitude 
of vibration has time to fall to not more than half its initial value, as will 
be seen from Table 6. In consequence of this, another factor may come 
in which will partially mask the decrease in amplitude, namely, the 
vibrations set up in outlying parts of the basilar membrane by the recom- 
mencement of the tone. Thus, under certain circumstances, instead of a 
brief silence, a brief noise is heard owing to the temporary vibrations 
of the outlying resonators. 

There is clear experimental evidence not only that the tones of different 
instruments vary in respect to the partials (overtones) which accompany 
the fundamental tone and in the manner of their commencement and 
termination, but also that the different sounds produced by the human 
voice differ in a similar manner. The recognition of partials on the reso- 
nance theo-ry is as simple as the recognition of the fundamental tones them- 
selves. Each partial is perceived in the same way as it would be if it 
were the only tone setting the basilar membrane into vibration. Even 
if proof were definitely obtained that the partials in the case of the human 
voice bore a relationship to the fundamental tone which was of an inhar- 
monic character, this would not matter so far as the resonance theory is 
concerned, 

5. The Perception of Gradual Changes of Pitch, The consideration 
has so far been given to pure tones of constant pitch. The question there- 
fore arises how will the behavior of the cochlea be affected if the tone which 
is^ received undergoes variations in pitch. Let us briefly consider two 
different cases: (a) where the tone varies periodically in pitch, first rising 
and then falling in a uniform manner, as in the tremolo performed by a 
violinist; {h) where the tone rises or falls continuously in pitch, c.g., 
the sound made by a siren while it is starting or stopping. This is called 
portamento. In (^), if the variation in pitch takes place at a slower speed 
than about 10 times per second, the area of basilar membrane affected is 
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but slightly larger than that which would be affected by a pure tone of the 
same pitch. This area moves up and down the cochlea, first towards 
higher pitched tones and then towards lower ones at the same rate as the 
musical tone does, but with a slight time lag. If, on the other hand, the 
rate of change is much more rapid than 10 times per second, there would 
seem to be good reason to suppose that the area of basilar membrane affected 
would be distinctly greater than that affected by a single pure tone, because, 
for example, the resonators affected by the tone when it has risen above its 
normal pitch have not time to come to rest during its passage to lower 
pitches and its return. In addition, it would seem likely that the varia- 
tions in amplitude of the ^'in-tune*’ resonators take a greater share in 
conveying to the higher centers the pitch variations which are taking place 
than do the amplitude variations of the more outlying ones because, the 
amplitude of the former being greater than the latter, the fall of amplitude 
which takes place with the change of pitch is correspondingly greater. 
With regard to portamento, experiments were performed with a model 
consisting of a number of resonators supported by a movable beam. This 
was driven by a swinging pendulum which could be varied in length. 
Observation showed that the resonant vibrations die out on one side of 
the area of basilar membrane which is in vibration, while at the same 
time it tends to be initiated on the other side. This causes the vibration 
to transfer itself steadily either to higher or lower tones according as 
the incoming musical tone is rising or falling in pitch. Calculation 
indicates that the area of basilar membrane in vibration at any moment 
is somewhat larger than that affected by a stationary pure tone. If the 
pitch of the tone changes by as much as an octave per second, the group of 
resonators affected would appear to be as much as two or three limes as 
large as that sent into resonant vibration by a pure tone. We conclude 
that the tone will be readily recognized but that it will not have the same 
purity as a fixed tone posssesses. Thk latter effect may possibly be cor- 
related with the unpleasant character of such tones, e.g,, the commence- 
ment of a blast of a steam siren. 

6. The Perception of Differences of Intensity. The way that tones 
of different intensity are perceived by the cochlea, according to the reso- 
nance theory, will now be dealt with. A tone of very low intensity indeed 
will set an area of basilar membrane into resonant vibration with ampli- 
tudes which ^are shown in Table 5. "^Fhe amplitude of vibration even of 
the '"in-tune^' resonator will, however, be extremely small. In consequence, 
only the vibrations of this resonator and perhaps a few others on either 
side of it will stimulate the hair-cells with sufficient intensity to be above 
their absolute thresholds of stimulation. Consequently a few fibers of the 
auditory nerve will convey impulses of an all-or-none nature to the higher 
centers, and in addition these impulses will have considerable intervals of 
time between them. If this same tone slowly increases in intensity, the 
all-or-none impulses conveyed by these nerves will travel at a more rapid 
mte up their respective nerves. In addition "some increase will take place 
in the number of resonators which are performing vibrations above the 
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threshold amount. With further increases of intensity the number of 
hair-cells which are being effectively stimulated will increase while those 
which have previously been responding will send more frequent all-or-none 
impulses up their respective nerves. These processes will continue as the 
intensity of the tone increases until the nerves corresponding to the “in- 
tune*^ resonator are carrying the most frequent number of impulses of 
which they are capable. When this point is reached further increases of 
intensity will be perceived by a spreading of this “saturation” effect to the 
groups of resonators on either side, so that the group gradually grows 
with the corresponding increase in size of the effectively stimulated area as 
a whole. So far as theoretical grounds are concerned, the limit would be 
reached when the whole of the cochlea from end to end was receiving 
effective stimulation. This, however, would be the case only when tones 
with the magnitude of explosions affected the ears. With the ordinary 
tones met with in music the area of basilar membrane in vibration will be 
that shown in Table 5. According to Guernsey (1922), 100 gradations 
of intensity, on the average, can be detected at any particular tone near the 
middle of the musical range. On theoretical grounds, the number might 
be a great many more than this. 

VI. Reply to Criticisms 

1. Henson discovered that certain tones set hairs of the opossum 
shrimp into vibration and other tones affected other hairs. If a system 
of resonators can be established so simply, Keith (1918, p. 188) asks why 
so complex a structure as the organ of Corti should have been elaborated 
for this purpose. 

The reply is that in the opossum shrimp the hairs are free. If we 
could connect them together by a membrane as is done in the basilar 
membrane, a more sensitive arrangement would be obtained for picking up 
external sounds ; and if further we could mount the whole apparatus in a 
tube filled with liquid and could set that liquid in motion by means of a 
piston which was itself actuated by a mechanism which provided a mechani- 
cal advantage of about twenty times, we should find a still more effective 
organ of hearing resulting. So far as can be judged, the ear has been de- 
signed in such a way as to make it sensitive to sounds of very low in- 
tensity. 

2. Keith (1918, p. 174) has objected to the resonance theory on the 
ground that so wide a range of musical tones could not be received by 
resonators which vary in length by so small an amount. 

TABLE 8 


Observer 

Greatest 

Least 

Ratio 

Keith 

,300 

.120 

2,5 to 1 

Retzius 

.240 

.140 

1.7 to 1 

Henie 

.410 

,023 

17,8 to 1 

Henson*'* 

.370*» 

.030* 

12.5 to 1 


^Inferred. 
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In Table 8 are given the greatest and least lengths for basilar membrane 
fibers as measured by different observers. It will be seen that there is a 
big variation in the estimates which have been made. Let us assume for 
the sake of argument that Keith's values represent the true ones, and that 
the number of vibrations per second performed by the short fibers is 
4000 and the longest ones 40, Then, applying the method which Roughton 
(see Hartridge, 1922, p. 365) suggested to Hartridge, the following 
formula is made use off: 

T 

— zz: X 

A 

where T = tension; A = area; V = vibrations per second; and L ^ 
length. We find then that the tension in grams per square millimeter equals 
9.2 for the shortest fiber and .00006 for the longest. Now the higher 
value is negligibly small compared with the stress which animal fibers 
will bear without breaking. Thus, tendon will support 23,000 grams 
per square millimeter. We have no difficulty in supposing, therefore, that 
the basilar membrane fibers will readily support the load to which they 
would be subjected according to the resonance theory. 

3. Meyer (1907, p. 19) has advanced the objection “that theories 
which compare the fibers of the basilar membrane to resonators introduce 
in opposition to the laws of biology the idea of a permanent constant 
tension of the basilar membrane. Authors who expect their readers to 
accept it as a truth should first of all try to convince them of the possibility 
of living animal tissues retaining their tension for any length of time.” 

The reply to the above criticism is that many living tissues are known 
which do, in point of fact, continue under tension during the greater part 
of a man’s life: {a) the heart contracts periodically without cessation; 
ib) the sphincters of bladder and anus arc nearly continuously in contrac- 
tion; (r) the diaphragm is in constant tension; {d) the coats of the eye 
constantly withstand the intra-ocular tension; (e) the muscles are nearly 
in constant tone; (/) the ligamentum nuchae of the horse, etc., support the 
weight of the head nearly -continuously. The conclusion from the above 
examples is that living tissues do retain their tensions for very long periods 
of time. Is there any reason why the basilar membrane fibers should not 
do so too? 

4. Keith (1918, p. 187) has objected to the resonance theory on the 
ground that “there are no anatomical structures which can .serve as 
resonators in the cochlea.” “The basilar fibers are not free strings, they 
are clothed on their lower surface by a layer of loo.se cells and fibers, and 
their upper surface is clothed by a stratum of cells.” 

^ The answer to this criticism has already been given in a previous sec- 
tion. The cells play, so^ far as can be judged, an essential part since they 
load the fibers of the basilar membrane and therefore cause them to vibrate 
to lower tones than they otherwise would do. When the cells are ex- 
amined in detail, it is seen that the short fibers which respond to high tones 
are only lightly loaded with cells, whereas the long fibers are heavily 
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loaded so as to cause them to vibrate to the lower tones of the audible 
scale. 

5. Wrightson (1918, p, 104) objected to the resonance theory on 
the grounds that the fibers of the basilar membrane are not free but are 
connected sideways. 

Now calculation shows that the sharpness of resonance of the ear 
resonators near middle C is approximately 0.6 of a tone. That is, it is 
slightly worse than Type X in Helmholtz’ table. Now the steepest part 
of the curve which represents this sharpness of resonance has a slope 
which corresponds to a 5-per-cent variation of amplitude for each one- 
hundredth of a tone variation in pitch. Now the maximum number of 
separate resonators in the human ear is, according to Keith, about 4000. 
Walduyer has given the number as 4500. If we say that the musical 
scale extends from 64 vibrations per second to 4100, i.e., over about six 
octaves, and if we assume that 600 resonators arc devoted to each of these 
octaves, then 3600 resonators will have been accounted for, leaving about 
400 resonators to deal with the lower limit from, say, 16 to 64 d.v./sec., 
and the upper limit from, say, 4100 to 40,000. This number would 
appear to be more than sufficient. McKendrick estimated that about 
110 would suffice (see Shafer, 1900, p. 1184), If we assume then that 
600 resonators are devoted to each of the octaves within the normal 
musical range, and remembering that there are six whole tones in each 
octave, approximately 100 resonators will be represented in the interval 
of one tone. That is, between one resonator and its next-door neighbor 
there will be a difference of pitch of approximately one-hundredth of a 
tone. 

Now Hartridge has calculated above that a variation of amplitude of 
5 per cent is the maximum met with for each one-hundredth of a tone 
variation in pitch. The conclusion is, therefore, that the greatest possible 
difference of amplitude performed by any two neighboring fibers of the 
basilar membrane will be one of 5 per cent. The bands which connect 
one fiber with the next, which are agreed by all histologists to be of a lax 
descripdon, should be readily able to permit such a difference of amplitude. 

6. Kolmer found that one single fiber of the auditory nerve may by 
branching supply two separate hair-cells. Held concluded that a single 
nerve fiber may be distributed over a quarter turn of the cochlea. On the 
contrapr, Snodgrass found that in an adult with normal hearing there were 
ajpproximately 14,000 fibers in the cochlear division of the auditory nerve. 
Keith states that the number is 15,000. Now McKendrick’s estimate of the 
number of hair-cells in man is a little over 15,000, so that practically 
each hair-cell has its own separate nerve fiber and very few share 
nerve fibers. Suppose, for the sake of argument, careful histological exami- 
nation demonrtrated that the three hair-cells which lie on a particular 
section of the basilar membrane were connected to one and the same nerve 
fiber; it would mdicate only that this particular section is less efficient than 
It might otherwise be. Such a state of affairs might be found, for 
example, at the upper and lowttr ends of the cochlea without appreciable 
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loss of efficiency. In much the same way, the rods in the periphery of 
the retina are frequently connected in small groups to one and the same 
optic-nerve fiber. In any case, visual acuity is low because the images 
produced by the optical system of the eye suffer from rather serious de- 
fects at the periphery. In the case of the ear, the recognition of musical 
tones of the upper and lower parts of the range of audition is known 
to be distinctly below^ that found nearer the center of the range. 

7. Luciani (1917, p. 236) objects that ''phylogenetically the simul- 
taneous development of the excessively numerous specific differentiations of 
the fibers of the auditory nerve offers great difficulty.’^ 

The reply to the above criticism can be obtained by analogy with the 
eye. We find these varying in development from the simplest to the 
most complex, and the matter presents no difficulties to our minds. In 
the case of the ear, also, we can trace its development from simple begin- 
nings through the frog, alligator, and bird, to reach a high state of de- 
velopment in mammals. It is true that the auditory nerve contains a very 
great many fibers, but the number is small compared with that of the 
optic nerve. 

8. Keith (1918, p. 60) states that even on Helmholtz’ hypothesis 
‘‘the final process of analysis must be done in the brain . . . because the 
central exchange has only one key or clue to the particular station or 
stations in which the messages come, namely, the rate at which the stimuli 
or messages arrive.” 

Keith stated on the previous page that “Young had postulated three 
different kinds of nerves to the retina; von Helmholtz went a considerable 
degree further and postulated many thousands of different kinds of nerves 
for the ear. The most impossible aspect of von Helmholtz’ theory comes 
to light when we try to carry it beyond the cochlea into the nervous sys- 
tem.” The reply to the above criticism is that, in just the same way 
that we learn by experience the relative positions of our fingers, so we 
learn the relative positions of the different hair-cells of our cochleae. It 
is true that we cannot run our fingers up and down our basilar membranes 
as we would on the keyboard of a piano and so correlate touch with hear- 
ing. But neither can we do this with our retinas, and yet we very quickly 
learn how the different rods and cones are positioned with regard to one 
another. Is it not possible that different combinations of sound^ waves 
can educate the hair-cells of our cochleae in the same way that different 
patterns of light waves teach our eyes? It is most unlikely that the higher 
centers of the brain use the rate at which the stimuli arrive as the clue 
to the pitch of the tone which is being received any more than the eye 
appreciates color by transmitting to the calcarine cortex nerve impulses 
having the frequencies of light. 

9. Troland (1929) makes the objection to the resonance theory that 
persons with islands of deafness hear correctly tones to which they are 
normally deaf if the tones are made loud enough. This should not be 
the case since the increased loudness of the tone should cause stimulation 
of neighboring normal basilar membrane and this stimulation should cause 
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the man to hear a tone having a pitch to which he is not deaf, and the 
pitch of the heard tone will be different from the sounded one. Thus 
suppose a man to be deaf to tones from 200 to 300 d.v./sec. and that a 
very loud tone of 250 d.v./sec. be sounded. According to Troland, if this 
tone be loud enough it will stimulate the basilar membrane corresponding 
to 199 d.v./sec. or to 301 d.v./sec., or to both. If this happens then 
according to the resonance theory the man should not hear a tone of 250 
d.v./sec. but one of 199 d.v./sec., or one of 301 d.v./sec., or two tones of 
199 and 301 d.v./sec. at the same time. But experiment shows that the 
man does hear a tone of 250 d.v./sec., and therefore, according to Troland, 
the ear does not obey the resonance theory. 

Troland’s objection is based on mistaken ideas of the patholog}’^ of deaf- 
ness. A man is deaf to tones from 200 to 300 d.v./sec. not because struc- 
tures corresponding to 200 to 300 d.v./sec. have entirely ceased to function, 
leaving those corresponding to 16 to 199 and 301 to 10,000 d.v./sec. en- 
tirely normal, but because the region corresponding to 200 to 300 d.v./sec. 
has become stiff or is bound up by fibrous tissue or has in some other way 
lost its sensitiveness. Give it a loud enough tone and its sluggisimess will 
be overcome and it will respond. Alternatively, a very loud tone may be 
transmitted by bone conduction to the ear of the opposite side and this may 
identify the tone. Troland^s criticism therefore falls to the ground. He 
regards this objection as being so weighty that he advances the composite 
telephone-resonance theory which has been outlined on page 934 of this 
article in order to have a theory which meets his objection. If Troland 
had removed by an aseptic dissection exactly the same part of the cochlea 
of both right and left ears and then formed correct recognition of pitches 
corresponding to the removed areas he would have found definite evidence 
against the resonance theory, and the advancement of his composite theory 
would be justified. Until that has been done this composite theory need 
have no further consideration as it has many disadvantages. 

10. Wever and Bray (1930) object that the resonance theory fails 
to account for their experimental finding that there are variations in 
nerve energy in the auditory nerve corresponding in frequency to a wide 
range of musical tones. On the other hand, their experiments substantiate 
the telephone theory or their development of it, “the volley theory,” which 
has been described on page 932 of this chapter. For example, on sound- 
ing a tone of 1000 d.v./sec. near the ear of an experimental animal, an 
electric current with a periodicity of 1000 d.v./sec. is detectable when 
electrodes are suitably placed, one on the auditory nerve and the other on 
some other part of the animal. According to Wever and Bray these cur- 
rents indicate that impulses travel up the auditory nerve in periodic re- 
lationship with the sounds applied to the ears. Thus speech received by 
the ear causes nerve impulses which are accompanied by electric currents 
and these when amplified reproduce with precision the original speech 
sounds. If the nerve impulses reproduce the sounds applied to the ears 
in this manner, the cochlea, according to Wever and Bray, is acting as a 
telephone and the telephone theory (or the development of it, the volley 
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theory) must be the correct one. Adrian (1931), when he repeated 
these experiments, found them correct in every detail. He found, how- 
ever, that the experiment was not modified by paitially crushing the audi- 
tory nerve, injecting 5-per-cent acetic acid into it, placing lumps of ice on 
it, or covering it with novocain crystals. Also, cooling the petious bone 
in which the cochlea lies with lumps of ice may leave the electric currents 
unaltered. Further, when the wave form of the current is analyzed there 
are no indications that it is built up of nerve impulses. Adrian concludes 
that the currents cannot be due to nerve conduction. While Wever and 
Bray’s experimental results are confirmed, their conclusion is refuted, 
and therefore their conclusions against the resonance theory and in favor of 
the telephone and volley theories are refuted also. 
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CHAPTER 18 


AUDITION: III. THE PHYSIOLOGICAL PHE- 
NOMENA OF AUDITION 

Hallowell Davis 

Harvard Medical School 
Introduction 

The purpose of this chapter is to outline the information which has 
been obtained, primarily by electrical methods, during the last few years 
concerning the physiologj’' of the organ of hearing, the auditory nerve, and 
the auditory pathways of the central nervous system. Many of the inter- 
pretations are still tentative, representing the views of the author and his 
collaborators, which have not yet been subjected to the test of criticism. 

The experimental observations upon which this chapter is based have 
resulted from the application to the auditory mechanism of the methods 
of investigation which had already successfully been applied to many other 
sensory systems and which are familiar in their general outline to all 
students of psychology and are adequately reviewed in Chapter 3. The 
auditory mechanism has only recently been studied by these methods be- 
cause of its complexity and its anatomical inaccessibility. Until the tech- 
nique of electrical amplification had been developed to a high degree it 
was impossible to learn much more than that there were electrical 
phenomena in the central nervous system which could be correlated defi- 
nitely with auditory stimulation. Buytendijk (1910), with merely a string 
galvanometer, had recorded the action current in the auditory nerve of 
the rabbit and guinea pig in response to a pistol-shot. Forbes, Miller, 
and O’Connor (1927), using a string galvanometer and one stage of 
amplification, applied electrodes to the medulla of a decerebrate cat and 
detected action currents which were definitely synchronized with sudden 
sounds delivered to the animal’s ear as stimuli. Synchronization of such 
responses with rapidly repeated clicks was observed in some cases up to a 
frequency of 200 per second, but inadequate sensitivity and the inertia of 
the recording device made further analysis impossible. The real impetus 
to the recent work in this field was given by Wever and Bray (1930<2, 
1930i) when they reported that by pl«icing electrodes upon the medulla 
or the auditory nerve of a decerebrate cat it was possible, with adequate 
amplification, by listening with telephone receivers to the amplified signals, 
to recognize not only pure tones used as stimuli, but even words spoken 
to the cat This observation immediately attracted the attention of both 
physiologists and psychologists, and the verification and extension of these 
observations were undertaken in several laboratories. 
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Anatomy 

The anatomy of the inner ear has been adequately desciibed in preced- 
ing chapters, but certain features of the nervous pathways must be men- 
tioned as a basis for a consideration of function. 

The cell bodies of the neurons making up the auditory nerve, like those 
in other sensory nerves, are located outside the central nervous system 
proper. They lie within the inner ear in the so-called spiral ganglion 
within the bony spiral of the modiolus. Guild, Crowe, Bunch, and 
Polvogt (1931) have made careful counts of the distribution of ganglion 
cells with respect to the basilar membrane and have shown that the cell 
bodies are not uniformly distributed along it but are definitely most con- 
centrated near its center. These authors give the total average number 
of ganglion cells in the spiral ganglion, based on the ears of four young 
adults with good hearing, as approximately 25,600, while the distribution, 
expressed as ganglion cells per millimeter of the corresponding region of 
the organ of Corti, was as follows: lower basal region, 934; upper basal, 
1076; lower middle, 971 ; and upper middle plus apical, 502. The authors 
suggest that there is a correlation between these regional differences in 
density of innervation and the well-recognized differences in physical energy 
required for different tones to reach the threshold of audibility. Guild 
(1932) subsequently remarks, however, that this correlation is rendered 
somewhat doubtful by the wide range in density of innervation among 
individuals whose auditory acuity was known to be normal. 

It is worth noting at this point that at least two distinct classes of 
nerve fibers of the eighth nerve are recognized, differing in their distribu- 
tion in the organ of Corti (Guild, Crowe, Bunch, and Polvogt, 1931; 
Lorente de No, 1933). ‘ Most numerous are the “radiaF’ fibers that go 
straight to the organ of Corti and end on the internal hair-cells. Each 
fiber makes connection with only a few neighboring cells, and the branches 
of only a few fibers innervate each hair-cell. The second group includes 
several types of “spiral'^ fibers, which either in the spiral ganglion or in the 
organ of Corti itself bend at right angles and run for varying distances 
up to a third of a turn of the cochlea, establishing connections with many 
external hair-cells along the way. We may state immediately that his- 
tological study of the central end of the auditory nerve and its ramifications 
in the cochlear nucleus gives no clear evidence of types and classifications 
of nerve fibers corresponding to this peripheral distribution (Lorente de 
No, 1933), No further clue is given, therefore, from anatomical evidence 
as to the possible physiological significance of these various fiber types. 

The auditory fibers of the eighth nerve, accompanied by the labyrinthine 
fibers, emerge from the internal auditory meatus and almost immediately 
enter the medulla. In the cat the length of nerve here available for 
physiological experimentation is not more than 5 mm* Furthermore, 
the cochlear artery, which is the sole blood supply to the inner ear, runs 
in dose relation to it, and the central end of the nerve lies in close prox- 
imity to various vital structures in the medulla. These anatomical rela- 
tionships render any operative experimentation on the auditory nerve 
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extremely difficult. For example, whittling down the nerve so as to leave 
only a few functional fibers, a procedure which has been carried out by 
Adrian (1932) and his collaborators upon other sensory nerves with such 
brilliant results, is here technically almost impossible. 

Upon entering the medulla the fibers of the cochlear nerve individually 
divide into ascending branches which go to the ganglion ventrale and de- 
scending ones that go to the tuberculum acusticum. The ascending 
branches and also the descending branches are arranged in parallel bundles, 



Longitudinal Section through the Primary Acoustic Nuclei of a 
Four-Day-Old Cat (Method of Golgi) 

— ^ganglion ventrale (ventral cochlear nucleus) 
pM. {c) and p.n. (h ) — posterior nucleus with its two main regions 
r.4f. — ^tuberculum acusticum 

N*c . — fibers of the cochlear nerve with ascending or anterior branches for the 
ganglion ventrale and descending or posterior branches for the tuberculum 
acusticum and posterior nucleus 

C./.— -centrifugal fibers, i.e., fibers coming from higher nuclei, for the tuberculum 
acusticum 

(From R. Lorente de N6's ‘Anatomy of the Eighth Nerve. The Central Pro- 
jection of the Nerve Endings of the Internal Ear,*’ Laryngoscope, 1933, by permis- 
sion of the publishers.) 
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and Lorente de No (1933) observes that if the points of division of the 
primary entering fibers are projected on a longitudinal plane they form a 
slightly curved line. This line is incidentally the caudal boundary of 
the ganglion ventrale, but is significant in that it represents a projection 
in the cochlear nucleus of the organ of Corti. We must imagine the 
ganglion of Corti to be uncoiled. Then the highest point of the line of 
bifurcations of the nerve fibers corresponds to the apical end of the ganglion 
and the lower end to the basal part of the ganglion. Figure 1, taken 
from Lorente de N6, illustrates this arrangement of the fibers and their 
branching and likewise the variety and the multiplicity of the central con- 
nections of each of the afferent fibers constituting the nerve. The ‘map” 
of the organ of Corti in the cochlear nucleus is the only projection of the 
peripheral organ of hearing which has definitely been established in the 
central nervous system. Nevertheless similar projections may well exist 
elsewhere, in the medial geniculate body and in the cerebral cortex, for 
example. This inference is based on the presence of a “map” in the coch- 
lear nucleus and the notably orderly arrangement of the fibers in the tracts 
connecting the cochlear nucleus with the medial geniculate body and the 
latter with the temporal cortex. 

A further feature of the anatomy of the eighth nerve which should be 
mentioned is the curious spiral course of most of its fibers. The fibers 
running from the cochlear nucleus to a region about one-quarter of the 
length of the basilar membrane from the apex run straight and constitute 
the axis of the nerve. Around this the other fibers are twisted, those to 
the extreme apex in one direction, those to the basilar region in the oppo- 
site direction, corresponding to the coiling of the organ of Corti. The 
nerve as a whole is thus twisted somewhat like a rope. The genesis of 
this arrangement may be readily understood by considering the embryo- 
logical development of the cochlea, the nerve fibers being dragged after 
the basilar portions, so to speak, as the latter grow out and around and 
take up their final positions (Lorente dc No, 1933; Poliak, 1927). 

In view of suggestions which have been made from time to time that 
the saccule may play a part in audition, it is worth quoting the following 
statement from Lorente de No based on the anatomical studies quoted 
above : 

The saccular macula must have a function similar to that of the 
rest of the labyrinth. An acoustic function for it cannot be ac- 
cepted because it has connections “with the centers and pathways in- 
volved in the regulation of equilibrium, but no connection with the 
pathways and centers involved in hearing. 

The complexity of the cochlear nucleus, in its variety of different types 
of neurons and multiplicity of connections and interconnections between 
them,^ is worthy of special emphasis, since we have become habituated to 
thinking in terms of the simplified schematic diagram representing the 
main connections between single sensory neurons, the thalamus, and the 
cortex. The following paragraphs are essentially a series of quotations 
from Lorente de No (1933). 
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Although modern physiologists dealing with the nervous system 
speak in terms of impulses set up in single end organs and conducted 
by single fibers, anatomists are still speaking m terms of large bundles 
of fibers and of “nuclei” composed of thousands of neurones. Often 
even the bundles and nuclei are imperfectly known. The most uigent 
need of physiology is a knowledge of the minute structure of the 
central organs with exact data on all the fibers that end upon any 
cell and upon all the cells on which the fibers have synapses. Until 
these be known the interpretation of physiological expeiiments will 
continue to be extremely difficult, if not impossible. If the physiologist 
has data only on certain anatomically easily demonstrable structures 
but lacks infoimation about the rest of the elements involved in 
the establishment of the function being studied, he most likely will be 
misled by simple explanations which will, at best, prove to be incom- 
plete. 

A survey of the elements of the first central station of the cochlear 
fibers, although very fragmentary, shows that we have to do with 
structures of much higher complication than is generally assumed. 
The cochlear nuclei appear now to be even more complicated than 
the retina or olfactory bulb, which are, according to Cajal’s descrip- 
tion, the primal y nuclei of highest differentiation in the nervous sys- 
tem. Each cochlear fiber has connections with veiy numeious cells 
grouped in no less than thirteen regions of specific structuie in which 
different types of neurones are found. Although numerical data are 
not yet available, it is already safe to state that in the piimaiy coch- 
lear nuclei no less than forty oi fifty types of neurones aie present, 
and that each cochlear fiber establishes connections with many hun- 
dreds, perhaps thousands, of cells. 

The cells of the primary nuclei may be divided into classes accord- 
ing to several points of view. For example, there are cells with short 
and cells with long axis cylinder.^ The cells with long axis cylinder 
set up impulses which are carried to higher nuclei, and may be 
called efferent cells; but the impulses set up by the cells with short 
axis cylinder do not leave the boundaries of the cochlear nuclei; 
they circulate throi^gh them and at the end impinge upon the cells 
with long axis cylinder. Therefore the discharge of the efferent cells 
will be dependent upon two factors: the afferent cochlear impulses 
and the impulses set up in the cells with short axis cylinder. This 
is why it would be convenient to call this last class of cells “regu- 
lator neurones.” The names “intercalary” or “internuncial” neu- 
rones are misleading because the cells with short axis cylinder are 
not arranged in series between the afferent fibers and the effector 
cells but in parallel chains superimposed on the shortest pathway* 

The shortest paths between periphery and cerebral cortex described 
by Cajal in a series of diagrams have become so widely accepted that 
they begin to be reproduced even without mention of Cajal's name. 
In the diagrams in each successive station only one neurone is con- 
sidered. According to this view there are always at least three neu- 
rones between periphery and cortex. Each station, although physio- 
logically a unit, is anatomically an aggregate of numerous cells. The 
peripheral organ is connected with the primary nuclei by the gan- 
glionic cells. The primary nuclei are connected with the thalamic nu- 
clei (medial geniculate body, etc.) by another direct path, and finally 
the thalamic nuclei are connected with the cerebral cortex by a third 
direct path. The synapses in the primary nuclei and in the thala- 
mic nuclei are of the same general character, but the thalamic nuclei 
are much simpler. Presumably the r61e of the thalamic nuclei will 
prove to he more that of summation and concentration of impulses 
than of differentiation between impulses. 
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FIGURE 2 

Simplified Diagram of the Auditory Pathways 
The diagram indicates successive transverse sections through various levels of 
the brain stem, except for the upper part of the upper level. The latter repre- 
sents a vertical section through the cerebral hemispheres, so placed as to intersect 
the cross-section level of the upper midbrain in the region of the medial geniculate 
body. 

Only the neurons of one auditory nerve and iheir mam connections are repre- 
sented, although of course the nervous system is actually bilaterally symmetrical. 
Only one pathway of each type has been represented, no attempt being made to 
indicate the relative numbers of the different types of neurons illustrated. 
[After Rasmussen (see Fletcher, 1930), Marburg (1924), et aL^ 
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A simplified schematic diagram of the auditory pathways between the 
cochlear nucleus and the cerebral cortex is presented in Figure 2. This 
illustrates the primary neurons ending in the cochlear nucleus, the con- 
nections between the cochlear nucleus and the medial geniculate body, 
and the auditory radiations from the latter to the cerebral cortex. In this 
diagram no single neuron is represented as extending the entire distance 
from the cochlear nucleus to the medial geniculate body. Authorities 
differ as to the existence of such neurons, and certainly many, if not all, 
of the pathways from the cochlear nucleus to the medial geniculate body 
are interrupted by an additional synapse somewhere along the way. Most 
of the neurons leaving the cochlear nucleus cross the midline and proceed 
forward to the thalamic nuclei on the opposite side. There are in addi- 
tion, however, a small number of homolateral connections. 

The auditory pathways all converge in the medial geniculate body, 
which is the final relay station on the auditory path to the cerebral cortex. 
Other fiber tracts also enter the medial geniculate body, particularly from 
other sensory systems. It therefore appears to be not only a relay station 
but also an integrating and coordinating mechanism. 

The third or higher-order neurons connecting the medial geniculate 
body with the cerebral cortex constitute the auditory radiations. Poliak 
(1932) gives an excellent account of their anatomy as determined by 
experimental methods. He finds that this fiber system somewhat re- 
sembles a fan with its handle at the medial geniculate body, forming a 
thin sheet of fibers passing into the white matter of the superior temporal 
convolution of the cortex. His experiments were performed upon mon- 
keys (Macacus), but his description probably applies quite closely to the 
human, although the anatomy of this portion of the brain is relatively 



FIGURE 3 

Diagram of the Auxiitory Projection Area in the Monkey (Macacos) 
JPj— S ylvian fissure 

u — dark shading, the area receiving fibers of the auditory radiations from the 
medial geniculate body. This area extends deeply into the Sylvian fissure. 
A?— light shading, the area receiving other afferent fibers from the midbrain, ap-^ 
parently not belonging to the auditory radiation. 

(From Poliaks *‘The Main Afferent Fiher Systems of the Cerebral Cortex in 
Primates,” Vniv. Calif. PuU. AnaU, 1932, by permission of the publishers.) 
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somewhat simpler in the monkey. Only a few fibers reach the convex 
face of the superior temporal convolution. Most of the auditory fibers 
enter a small region in the ventral horizontal wall of the Sylvian fissuie. 
This region in the Sylvian fissure represents what Poliak terms '‘the nu- 
clear or focal zone” of the entire auditory projection cortex. He believes 
that all auditory impulses, in so far as they reach the cerebral cortex, 
must pass this “gateway” of the entire hemisphere and only from that 
region be further distributed to surrounding cortex. He finds some evi- 
dence that most of the cortex along the entire Sylvian fissure also receives 
afferent fibers from the midbrain, hut it is not clear that they belong 
definitely to the auditory radiations. Furthermore, no other portion of 
the temporal cortex appears to receive either fibers of the auditory radia- 
tion or any other fibers from the subcortical nuclei. 

Poliak particularly stresses the regularity of the arrangement of the 
fibers in the auditory radiation. This he believes corroborates the view 
of a fixed and stable projection of the auditory peripheial receptive sur- 
face (the sensory hair-cells of the organ of Corti) upon the cerebral 
cortex. 

Physiological Activity 

There is a double electrical response from the auditory mechanism: 
first, a ^‘microphonic” effect depending upon the sensory end-organ, and, 
secondly, true action potentials of the afferent neurons. The microphonia 
effect has also been spoken of as “spread” (Rademaker and Bergansius, 
1931) and more recently as “cochlear response” (Davis, Derbyshire, Lurie, 
and Saul, 1934), The existence of auditory action potentials was taken 
for granted even before they were directly demonstrated by Buytendijk 
(1910) and by Forbes, Miller, and O’Connor (1927), but the micro- 
phonic effect was unexpepted and unrecognized when encountered by 
Wever and Bray (1930^^ 1930Z>). In their original experiments Wever 
and Bray showed that the phenomenon of reproduction of speech from 
the electrical response of the auditory nerve was truly biological and did 
not rest upon some purely physical artifact, such as vibration of the elec- 
trodes or other parts of the apparatus under the influence of sound waves. 
They considered the possibility of origin of their effect in the sense-organ, 
but dismissed it as inadequate to explain all of their results. Adrian 
(1931) at first interpreted the responses which he led off from the round 
window as due to a “microphonic action of the cochlea” and gave con- 
siderable experimental evidence in support of this view, but in collabora- 
tion with Bronk and Phillips (1931) apparently reversed his judgment, 
tacitly accepting the assumption that only one type of response, true action 
potentials, was present. Saul and Davis (1932) pointed out the dis- 
tinction between the two types of response, showing that one of them, 
limited to relatively low frequencies and easily suppressed by anaesthetics, 
was localized in the auditory pathways and nuclei of the medulla, while 
the other, including high as well as low frequencies, was resistant to 
anaesthesia and death and was generated in or near the cochlea. An 
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unshielded electrode placed on the auditory nerve detected a mixture of 
the two types in uncertain proportions. 

The possibilities of physical artifacts in such experiments have been 
most extensively stated by Kreezer (1932), but his criticisms have been 
fully met by subsequent work, notably the measurement of latencies of 
true action potentials in the auditory nerve and other parts of the auditory 
pathways and observations on differences in wave form (Davis, Derby- 
shire, Lurie, and Saul, 1933, 1934; Davis and Saul, 1933). Among 
those reporting confirmation of Wever and Bray^s observations are Hugh- 
son and Crowe (1931, 1932), Rademaker and Bergansius (1931), Davis 
and Saul (1933, 1932), and more recently the Wisconsin group. Bast, 
Noer, West, Backus, Krasno, and Eyster (1933), Hathaway and Ras- 
mussen (1932), and Fromm, Nylen, and Zotterman (1933). Only 
Kreezer and Darge (1932) report failure to detect the phenomena. The 
observations of Foa and Peroni (1930) on the tortoise are not strictly 
comparable (cf. Wever and Bray, 1931). 

' In undertaking to give an account of the properties of the cochlear 
response and of the action potentials of the auditory pathways there is 
some uncertainty in evaluating many of the earlier experiments because 
the distinction between the two was not clearly recognized. 7'he present 
author, therefore, bases the following account primarily on his own and 
his collaborators' experience, drawing upon the work of others as far 
as the evidence warrants a judgment as to which phenomenon was being 
recorded, but without attempting to evaluate individual contributions and 
without attention to priority. With one exception noted below there is 
excellent agreement as to the facts of observation, and nearly all differ- 
ences of interpretation can easily be reconciled on the basis of the dual 
nature of the response. 

The Cochlear Response 

The cochlear response may be distinguished by its point of origin in 
the cochlea, by its resistance to anaesthetics, cold, and fatigue, by its 
extremely brief latency, by its reproduction of very high frequencies and, 
in most cases, by its wave form. It may be detected from almost any 
part of the head if sufficient amplification be used. The signals are 
strongest, however, if the petrous bone is included between the two elec- 
trodes, and best of all when one of the electrodes is placed in contact with 
the round window. Most of our detailed observations of this phenomenon 
have been made with one electrode, consisting of a cotton wick moistened 
m salt solution, in this position, and the circuit completed through an 
indifferent electrode on the muscles of the back of the neck. Other rela- 
tively favorable locations for the differentiated electrode are the internal 
auditory meatus, the stapes, and the subarcuate fossa of the petrous bone 
within the cranial cavity. All of these positions, it will be noted, lie on 
pathways of low electrical resistance from the cochlea. 

The response as measured at the round window may amount to a 
maximum of approximately 1 millivolt when the ear is stimulated by a 
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loud pure tone or noise. At the other extreme, the threshold response 
is at present determined by the sensitivity and resolving power of the 
recording apparatus, in practice a little over a microvolt, A small punc- 
ture through the round-window membrane may increase the response, pre- 
sumably by lowering the electrical resistance of the circuit. A larger 
puncture, allowing free escape of perilymph, usually reduces the response 
somewhat without completely abolishing it, but it is completely abolished 
by pithing the basilar membrane. Damage to the ear drum or to the 
ossicles, or increase in the tension of the tensor tympani muscle, raises the 
threshold of the response and may cause differential modification of the 
response to certain frequencies, depending upon the exact nature and 
position of the lesion. Much work of great otological interest has been 
done upon this aspect of the problem, particularly by Hughson and Crowe 
(1931, 1932). The electrical phenomena are admirably suited to analy- 
sis of the function of the tympanum and ossicles as a mechanism for trans- 
mitting sound vibrations to the sense-organ. 

If the experimental animal is more and more deeply anaesthetized, or 
if it dies during the experiment, the cochlear response is only slightly 
affected until the circulation fails. The response then falls to a low 
level. Ligation of the carotids and compression of the vertebral artery 
dauses a similar reduction to a value of from 5 to 20 per cent of the 
original strength within two or three minutes. Occasionally with failure 
of the circulation the response falls to almost complete extinction within 
a very few minutes. More frequently, however, it persists at a low 
level, continuing to fall slowly for from one to several hours. The exact 
moment of final extinction is impossible to determine, as it depends on 
the degree of amplification and the strength of stimuli employed. So 
far as it has been investigated this post-mortem response does not seem 
to differ in any significant way other than intensity from the normal 
ante-mortem response. If the depression has been brought about by oc- 
clusion of the vertebral arteries, the effect is reversible, the response return- 
ing upon re-admission of the circulation. This seems to be good evidence 
that the effect does not depend upon some purely physical phenomenon 
such as frictional effects of the endolymph moving in its channels or 
vibration of ossicles and membranes. Cooling the cochlea by placing ice 
in the bulla or on the petrous bone causes a rather similar partial depres- 
sion without significant change in the upper limit of frequency. 

The limits of frequency which may be reproduced by the cochlear re- 
sponse seem to have been set so far rather by limitations of apparatus than 
by arrival at any physiological limit. Very low tones are apparently 
transmitted with somewhat less efficiency than tones near the middle of 
the audible scale, and if we are simply listening through telephone re- 
ceivers or a loud speaker we are limited likewise by the relative insensi- 
tivity of the human ear to low frequencies of vibration. Even with a 
cathode ray oscillograph arranged to reproduce the response as a stand- 
ing wave on the face of the tube, we find that most sources of sound 
produce harmonics as well as the fundamental tone which we wish to 
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investigate. These may so confuse the picture that it becomes difficult to 
determine whether or not the fundamental is represented in the response. 
The limit is below 60 per second, perhaps far below, but we are con- 
fronted by much the same difficulties as in determining the low^er fre- 
quency limit of human audition. 

The upper limit of frequency certainly lies above 12,000 for most cats. 
The difficulties hindering exact determination have been the growing 
insensitivity of the ear as frequency increases and likewise the inefficiency 
of available apparatus in producing loud pure tones for stimulation. 

Study of the wave form of the response by means of a cathode ray 
oscillograph shows that the stimulus is reproduced accuiately as a general 
rule but that it may be subject to “non-linear” distortion. This distor- 
tion, so-called because it depends upon lack of a linear relation between 
the magnitude of response and the intensity of the stimulus, is familiar 
to all who have worked with vacuum-tube amplifiers, and has already 
been shown to be of considerable significance for the problems of audition 
by Fletcher (1929, 1930), Wegel and Lane (1924), Troland (1929), 
and many others. There no longer seems any doubt that the so-called 
“subjective” harmonics are introduced by the mechanics of the drum 
membrane, ossicles, and inner ear. The cochlear response reveals such 
distortion by a flattening of the tops of the waves when a very strong 
stimulus is used. Furthermore, as mentioned above, the efficiency of the 
ear in transmitting different frequencies is not equal throughout the fre- 
quency range but tends to fall off both for very high and very low fre- 
quencies. This leads to the relative accentuation of such tones as fall 
in the middle range of frequency and consequently the accentuation of 
the harmonics of low tones and the suppression of harmonics for medium 
and high tones if such harmonics are present in the stimulus *wave. 

Another manifestation of non-linear distortion is the production of 
“difference tones” and “summation tones” when the ear is stimulated 
simultaneously by two different frequencies. Difference tones are easily 
detected with the cathode ray oscillograph. In addition to the rhythmic 
wax'ing and waning of the response due to the shift in phase of the two 
tones, there is also a swing up and down of the base line corresponding 
in frequency to the difference between the two stimulating frequencies 
(Davis, Derbyshire, Lurie, and Saul, 1934), 

Direct measurement of the intensity of the cochlear response, in terms 
of microvolts at the round window, as a function of the intensity of the 
stimulus expressed as pressure of the stimulating sound waves, shows 
the non-linear relationship very clearly. In Figure 4 results of such 
measurements are plotted against the logarithm of the strength of stimu- 
lus. The resulting curve rises slowly at first, then more rapidly, becom- 
ing approximately linear over a considerable range, and then increasing 
less rapidly to reach a maximal limiting value. For very weak stimuli 
the response is roughly proportional to the strength of stimulus. For 
stronger stimulation it becomes more nearly proportional to the logarithm 
of the stimulus, and then approaches its limit asymptotically. The strength 
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Frequency 
FIGURE 4 

“Audiograms” of the Cochlear Response 
The intensity of sound at each frequency just heard by a human observer listen- 
ing through the same sound-tubes as used for the cats is taken as 2 ero. Points 
above this line represent a greater sensitivity and points below, a lesser sensi- 
tivity of the cat, recorded electrically from the round window. These deviations are 
measured in decibels of difference in sound pressure required to reach threshold. 
The human observer’s hearing has been tested by standard audiometer methods 
and found to be normal within 5 decibels at all frequencies from 64 to 8000 per 
second. In the figure dots and circles represent data from two animals with 
clean normal ear drums, ossicles, etc. They show the usual individual differ- 
ences and a trend parallel to the human audibility curve. 

(Redrawn from Davis, Derbyshire, Lurie, and Saul’s “The Electric Response 
of the Cochlea,” Amer, J, PhystoL, 1934, and from unpublished observations of 

Derbyshire.) 

of stimulation at which the limit is reached varies somewhat for different 
frequencies, but is of the order of magnitude which produces tinnitus and 
discomfort when applied to the human ear. Something similar to the 
Weber-Fechner law describes the relationship between stimulus and coch- 
lear response and seems to hold for all frequencies of stimulation. 

Observations have been made on the threshold of the cochlear response 
as detected by the cathode ray oscillograph. Using this visual criterion 
of the presence or absence of response, we are limited only by the frequency 
characteristic and the resolving power of the amplifier and not by the 
characteristics of the human ear. Comparisons have been made in this 
way between the threshold response of a cat under avertin anaesthesia 
and the threshold of hearing in a normal human observer receiving sound 
from the same tube as the cat Figure 5 represents the results of two 
such experiments. It is evident that the cat's threshold curve follows very 
nearly the same contour as the human and that we can detect a response 
from the cat at strengths of stimulation comparable with the threshold 
of human audibility. 

A curious phenomenon which probably depends upon the physical prop- 
erties of the middle and inner ear as a vibrating mechanism is the appear- 
ance of an **on-effect'' and an *^off-effect'' at the beginning and end of 
response to a steady tone of high frequency and considerable intensity. 
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Cochlear Response from the Round Window of a Cat as a Function op 
Sound Pressure Measured by a Condenser Microphone 
Response, raeasuied as the excuision on the cathode ray oscillograph, is expressed 
as percentage of the maximal response. Frequency, 865 vibrations per second. 

The relationship is very similar for other frequencies. 

(Data from Davis, Derbyshire, Lurie, and Saul’s “The Electric Response of 
the Cochlea,” Amer, J. Physiol,, 1934.) 

These are sequences of two to six waves, rapidly diminishing in amplitude, 
of a frequency between 600 and 1000 per second. They are present even 
though the stimulating sound waves begin and end smoothly, as shown 
by a condenser microphone. The response to a click produced by discharg- 
ing a condenser through the stimulating loud speaker is very similar. The 
condenser discharge does not produce a single sound wave but a brief 
train of waves of high frequency, perhaps 2000 per second, characteristic 
of the particular loud speaker. The cochlear response does not repro- 
duce this frequency, but instead it produces a brief series of waves at its 
own characteristic frequency. This probably reveals a natural period of 
some part of the auditory mechanism, as yet not identified. Whatever 
the details of the ultimate interpretation, the observations nevertheless 
reveal an objective basis for the sensation of the “click^^ or very sharp 
attack often noted at the sudden beginning of a musical tone. 

The cochlear response is practically immune to fatigue* Except for 
such initial irregularities as may be due to the **on-effect,** the response 
Si^ws a definite amplitude for a given intensity of stimulation and will 
Paaintain this amplitude unchanged for a period of many minutes. Neither 
fe Acre any change in the size of response as a result of a few seconds or 
minutes of rest following the end of a period of stimulation. This be- 
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havior is in sharp contrast to that of action currents, which will be de- 
scribed below. 

The latency of the cochlear response with respect to the arrival of a 
sound wave at the ear drum is extremely brief. If a click is used as a 
stimulus, the beginning:: of the first sound wave as recorded by a condenser 
microphone and also the beginning of the first wave of the cochlear re- 
sponse are both suiBSciently sharp to allow rather precise measurements 
by means of the cathode ray oscillograph. The response of the con- 
denser microphone and of the ear are photographed separately, the move- 
ments of the spot on the cathode ray being synchronized with the electrical 
discharge which causes the click in the loud speaker. When allowance is 
made for the difference in the distance which the sound wave must travel 
to reach condenser microphone and ear drum respectively, there is a latency 
of 0.10a between the arrival of the sound wave at the ear drum and 
the beginning of the cochlear response. How much of this time is required 
for the transmission of the mechanical disturbance in the inner ear is 
not yet definitely established. 

If the first disturbance of the ear drum is an increase of pressure, the 
resulting electrical change at the round w'indow is the development of 
electrical negativity. Conversely, if the first change is a negative pressure 
on the car drum the round window becomes electrically positive. The 
electrical change at the oval window is opposite to that of the round 
window. When the round window becomes negative the oval window 
is positive relative to the indifferent electrode and vice versa. At either 
oval or round window the response tends to be symmetrical about the 
base line, the positive variations equalling the negative variations. 

Very recently the author and his collaborators have found that, con- 
trary to their pieviously published statements, the response as recorded 
from the round window is not pure ‘‘cochlear response” but contains a 
rather significant action-potential component. This component may 
amount to 20 or 30 per cent of the total response, but differs from the 
true cochlear component in form, resembling a diphasic action poten- 
tial wave (cf. Chap. 3) and, like the response of the auditory nerve, 
shows a latency of more than 0.5a with respect to the cochlear response. 
It is difficult to detect when merged with the true cochlear response if 
the stimulus is a sustained tone, and was originally interpreted as a 
deformation of the stimulating wave by harmonics introduced by non- 
linear distortion. It is most easily recognized if discrete clicks are used 
as stimuli. In this case a marked simplification of the wave form of the 
response is brought about by deep anaesthesia. With pure tones the 
action-potential wave is evident only at frequencies which give rise to 
large clearly marked waves in the action potentials of the auditory nerve 
«is described in the next section. As evidence that the cochlear response 
itself does not depend on the ganglion cells of the spiral ganglion or their 
axons we have described (1934) the case of a cat which showed no action 
potentials in the auditory nerve but a normal cochlear response. Post- 
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mortem examination revealed inflammation of the spiral ganglion and de- 
struction of the nerve cells. 

In the foregoing description of the cochlear response, distortions and 
modifications due to the action-potential component have been discounted 
or, in many cases, experimentally eliminated. When allow'ance is made 
for them, for non-linear distortion vrhen strong stimuli are used, and for 
the “on-effect,” the wave form of the cochlear response corresponds very 
closely to that of the stimulus, whether simple or complex’. There is 
no indication that the true cochlear response is composed of a series of 
unitary impulses such as action potentials. There is no indication of a 
refractory period following a response. The upper limit of frequency 
is far above that which any nerve is known to follow, and this limit is 
only slightly reduced by cooling. There is no evidence of fatigue, not 
even the “equilibration” type of fatigue, i.e., a rapid reduction in size 
of response to a steady state during the first few seconds of rapid activity 
(cf. p. 980). These characteristics all indicate that the cochlear response 
is a transformation of the mechanical energy of the sound wave into elec- 
trical energy' and is not a trigger-like release of energy previously stored 
in the tissue, as in the case of the nerve impulse. 

Observations on certain pathological animals serve to relate the re- 
sponse quite definitely to the organ of Corti. It is known that white 
cats are likely to be deficient in their auditory mechanism. Deaf animals 
of this type yield no electrical response from the cochlea (Howe and 
Guild, 1933; Davis, Derbyshire, Lurie, and Saul, 1934). On histolog- 
ical examination of such unresponsive ears, the hair-cells and sometimes 
also the supporting cells of the organ of Corti have been found to be 
missing, although the nerve fibers, ganglion cells, ossicles, and endolym- 
phatic channels are normal. This seems to relate the response definitely 
to the organ of Corti. Two waltzing guinea pigs, whose behavior in- 
dicated that they were quite unresponsive to sound, have also been ex- 
amined. One of these gave no cochlear response and the other only a 
slight trace. Histological examination showed the cochlea to be nearly 
normal. The organ of Corti was present but showed slight although 
definite degeneration of the sensory cells. This is interpreted as indicat- 
ing that a rather slight apparent abnormality of the sensory cells is suflS- 
cient to abolish the cochlear rcsponsse. 

Wever, in a recent review (1933) of the mechanism of the cochlea, 
expresses the opinion that the cochlear response originates either in the 
sensory receptor cells or in nervous tissue. The recent evidence just 
outlined indicates that it is definitely dpe to the sensory cells. The most 
reasonable hypothesis seems to be that the electrical disturbance is pro- 
duced by the mechanical deformation of the hair-cells of the organ of 
Corti. We further suggest (1934) that this electrical disturbance may 
‘actually be the mechanism which excites the nerve impulses in the fibers 
of the auditory nerve, but this hypothesis must be regarded as tentative 
for the present. 
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Action Potentials in the Auditory Pathways 

Numerous investigators have obtained electrical responses from the 
auditory pathways by making contact either with the auditory nerve or 
with particular regions in the medulla through a metallic electrode in- 
sulated except for the tip and completing the circuit through an indifferent 
electrode elsewhere on the head of the animal. These responses have 
undoubtedly been true action potentials for the most part, but in many 
cases have probably included a smaller or larger component of the cochlear 
response, which may spread for a considerable distance through the 
tissues. Saul and Davis (1932) have shown that even with this type 
of electrode it is possible to obtain pure action potentials if the differen- 
tiated electrode is inserted into the substance of the medulla. Due to the 
proximity of the cochlea this is not possible if such an electrode is placed 
in the auditory nerve. Even here, however, if we use coaxial electrodes, 
consisting of a fine insulated wire passing down the center of a hypo- 
dermic needle wliich in turn acts both <is mechanical support and as ground 
electrode, the action potentials in the immediate vicinity of the tip of the 
electrodes may be recorded and the cochlear response excluded. The 
best proof of the exclusion of the cochlear response is the much greater 
latency of the potential recorded from nervous tissues, varying from about 
la in the auditory nerve to as much as Scr in the cortex. The latency 
of the cochlear response at the round window, it will be recalled, is not 
more than 0.1 rr fiom the arrival of sound waves at the tympanum. The 
following description of the action potentials in the auditory pathways 
is based primarily on the work of Davis, Forbes, and Derbyshire (1933) 
and unpublished results of Derbyshire, in which admixture of cochlear 
response has been definitely excluded. They are corroborated by observa- 
tions by other workers using different experimental methods in which it 
may be fairly presumed that action potentials dominated the results. 

The nerve impulses in the auditory nerve reproduce the frequency of 
the stimulating sound waves, provided it is not too great. Up to a fre- 
quency of perhaps 1000 per second in the cat, the reproduction is almost 
perfect at all intensities of stimulation. The correspondence is even better 
if comparison is made with the cochlear response. For example, the har- 
monics introduced by the ear itself tend to be reproduced in the pattern 
of action potentials in the auditory nerve. With low intensities of sound 
the first responses that can be detected are the synchronized action-poten- 
tial waves. Between 1000 and 2000 the synchronized waves dominate 
the picture, but in addition many impulses scattered at random may be 
detected on the oscillograph and may be clearly heard in a loud speaker 
as a rushing, rustling background, against which the synchronized waves 
stand out as a musical tone. Between approximately 2000 and 3000, 
synchronized waves may still be obtained, but even with intense stimula- 
tion they are much weaker than at lower frequencies, and the unsyn- 
chronized impulses are relatively much more prominent. With weak 
stimulation in this frequency range the threshold response is unsynchro- 
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nized, and, for frequencies above 3000, synchronized waves are not obtained 
at any intensity of stimulation, but merely the disordered asynchronous 
response. The reproduction of the frequency of the stimulating sound is 
thus definitely limited to the middle and lower portions of the audible 
range. 

Measurement of thresholds for action potentials is more difficult than 
for the cochlear response, because, with the type of electrode employed, the 
potentials tend to be much less, and there also seems to be, even in the 
absence of deliberate stimulation, a continuous slight discharge of impulses 
in the nerve. These difficulties probably account for the fact that the 
threshold for nerve impulses is usually definitely above that for a detectable 
cochlear response. In a few favorable instances the thresholds have been 
found to be of the same order of magnitude ; but even though the threshold 
for action potentials be relatively elevated, it is usually found to run 
parallel to the threshold for cochlear response when expressed as a function 
of frequency. The frequency range for which this statement may be 
made with confidence does not as yet extend much above 3500 per second. 

It is difficult to obtain a satisfactory measure of intensity of the response 
of the nerve when the impulses are not synchronized. For lower tones, 
at which the action potentials are grouped into definite waves, it is rela- 
tively simple, and it is found that the laws relating intensity of action 
potentials to intensity of stimulation are essentially the same as those for 
the cochlear response. Plotted against logarithm of stimulus the curve 
is sigmoid in shape and reaches a definite limiting maximal value. The 
intensity necessary to reach this maximal value is almost identical with 
the value giving maximal cochlear response for the same frequency in the 
same preparation. Further increase in the intensity of stimulation beyond 
the maximal value results either in the introduction of secondary waves 
corresponding to harmonics or else in a marked increase in the background 
of asynchronous impulses. These latter are also probably due to har- 
monics whose frequency is too high to permit of synchronized impulses 
in the nerve. 

The detection of nerve impulses synchronized with the sound waves 
up to 3000 per second irnmcdiately raises the question whether this is 
the frequpey of impulses in an individual fiber or whether it represents 
a composite frequency. The response of each individual fiber might be 
at some sub-multiple of the stimulating frequency (Troland, 1929). This 
possibility has been developed in detail by Wever and Bray (1930r). 
The suggestion is reasonable a priori, since the conduction of 3000 im- 
pulses per second by an individual fiber would imply a recovery period 
of about ().3<r. This is briefer than the shortest absolute refractory period 
that has been reported for mammalian nerve. The suggestion has been 
made that the auditory nerve may differ from other nerves in being 
specialized in the direction of rapid recovery to enable it to carry fre- 
jpencies corresponding to the entire audible range. Davis, Forbes, and 
Derbyshire (1933) have shown, however, that the maximal frequency of 
impulses m the individual fiber is not more than approximately 1000 per 
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second, implying a functional lecovery period of about l.Oar. This value 
agrees well with determinations of the recovery period in other peripheral 

”*The evidence for this limiting frequency is, in part, the step-like drops 
in the size of the maximal action current as the frequency of stimulation 
is increased (Figure 6). This is powerfully supported by observations 
on the change in size of the action-potential wave with continued stimu- 



FIGURE 6 

Upper curve-amplitude of maximal action potentials from the_ auditory nerve 
meLured immediLly after the “on-effect” at the onset of stimulation. T^s 
shows the step-like drops at 1000 and at 2000, which often are 
Lower curve— the amplitude of the action potentials after 1.5 seconds of etimnla- 
tion, expressed as percentage of the initial response for each frequency. 1 ne 
diminution is due to equilibration fatigue. Most of the diminution is produced 
indirectly by the accompanying prolongation of the refractory period of the nerve 
fibers. For example, at a certain frequency fibers which respond to 
wave for the first ten or twenty presumably begin thereafter to 
to respond and ultimately respond only to alternate sound waves. This resu ts 
in a net diminution of size of the action potential of the nerve as » whole. 
This effect is most marked at the frequencies just below those at which the 
initial response begins to fall off. The measurements are based on photographic 
records of oscillograph excursions. 

(From unpublished observations of Derbyshire.) 
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lation at various frequencies. It is a familiar observation (Forbes and 
Rice, 1929) that, if a nerve is stimulated at a low^ frequency, successive 
action potentials do not diminish appreciably in size during prolonged 
stimulation. As the frequency is increased, however, a diminution is seen 
which is most marked during the first few seconds of activity. A steady 
state is gradually reached which is lower the greater the frequency of 
stimulation. This effect is related in part to the prolongation of the 
refractory period of the nerve. A nerve impulse traveling in partially 
recovered nerve is known to be smaller than one traveling in completely 
recovered nerve. Also, a fiber which initially responded to every stimulus 
may later respond only to alternate stimuli. Underlying these effects 
there seems to be a gradual attainment of a state of dynamic chemical 
equilibrium in the nerve, whose level depends on the frequency of response. 
For this reason the process of reaching this steady state has been termed 
^'equilibration” (Gerard, 1932). This effect, absent in the cochlear re- 
sponse, has been observed in the auditory nerve. As the frequency is in- 
creased it becomes more and more pronounced up to about 1000 per second 
(Figure 6). Then, as the size of the initial maximal response falls to 
about half the original value, the amount of equilibration during continued 
activity becomes much less and remains less until frequencies of 1700 oi 
1800 are reached. Here it again becomes very marked, but diminishes 
again for frequencies in the neighborhood of 2200. It again becomes 
very apparent as 3000 per second is approached, and at this frequency 
it is possible to detect a synchronized response only for the first second 
or two of stimulation. The conclusion seems inescapable that 1000 per 
second is the limiting maximal frequency for the individual fiber in the 
cat. The exact value varies somewhat from one preparation to another, 
to a less extent from fiber to fiber in the same nerve, and in a given fiber 
depending on the degree of equilibration and to some extent on the in- 
tensity of stimulation. The smaller initial size of the maximal synchro- 
nized waves at 1500 per second is undoubtedly due to alternation of activity, 
each fiber responding only to every other sound wave. At 2500 each 
fiber is responding to every third sound wave, while above 3000 the response 
is completely disordered and asynchronous. 

The foregoing description applies to the activity of the auditory nerve. 
Other portions of the auditory pathways have not yet been studied so 
completely, but preliminary observations (unpublished) indicate that the 
same description applies, approximately at least, to those secondary neurons 
in the lateral lemniscus which yield synchronized waves. In the inferior 
colliculus, which is probably a relay station for reflex responses of orienta- 
tion to sounds, the synchronization is usually confined to the lower part 
of the frequency range, i.e., below 1000 per second. Above this fre- 
quency the^ responses becortie almost completely asynchronous. In the 
medial geniculate body, which is a relay station on the sensory pathway 
to the cortex, we have as yet failed to detect any synchronized impulses 
whatever, except for the initial volley corresponding to the "on-effect.** 

The responses in all parts of the auditory pathways resemble in wave 
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form the familiar action potentials of axons of peripheral nerves. They 
consist typically of brief waves of negativity whose time relations are 
essentially those of the familiar “spike” of the action potential of medul- 
lated nerve (cf. Chapter 3). In spite of minor variation^ arising 
from the spatial and electrical relationships between the active fibers and 
the recording electrodes, the waves are predominantly monophasic, as we 
should expect. In the auditory nerve the initial response is always in 
the same direction whether the initial response of the cochlea, as recorded 
at the round window, is positive or negative. If a pure wave of low 
frequency is used for the stimulus the synchronized response in the audi- 
tory nerve may be a series of sharp, synchronized waves separated by a 
nearly smooth base line. If harmonics are present in the cochlear re- 
sponse, corresponding waves appear in the response of the auditory nerve. 
As the frequency is increased the action-potential waves approach more 
and more closely to one another and finally overlap as alternation of in- 
dividual activity begins. This causes a closer and closer approximation of 
the total response to a sine wave, but the time relations of the individual 
waves never approach the brevity exhibited by the response of the cochlea 
to tones of 4000 or more per second. Instead the nerve impulses become 
asynchronous at such frequencies. 

In the auditory nerve, and even more in the inferior colliculus and 
other nuclei where there is reason to believe that the impulses have 
passed not only one but several synapses, the “on-effect” becomes more 
and more pronounced- The response to a click or to the beginning of 
a steady tone of high frequency may be many times more prominent than 
the continuing response during stimulation with a steady tone. This 
may be due, in part at least, to fatigue or equilibration in the synapses, 
quite apart from similar effects in the axons. It is undoubtedly due in 
part to good synchronization of the first volley of impulses and a partly 
or completely asynchronous subsequent response. The asynchronous re- 
sponse is much more difficult to register and measure than a synchronized 
volley. 

If a tone of low frequency but impure wave-form is used as stimulus, 
the action-potential waves may reproduce the frequency of the funda- 
mental, but with particularly sharp wave-fronts. This may well be the 
basis of the greater ease of localization of noises or impure tones as com- 
pared with pure tones, and perhaps it is also the basis of the quality 
of “brightness” as suggested by Troland (1929). 

Culler, Finch, and Girden (1933) have shown a very significant cor- 
relation between the electrical activity recorded from the auditory nerve 
and the response of an animal to auditory stimulation. They developed 
a conditioned response in dogs to a stimulus tone of 1000 per second 
and were able by this method under carefully controlled conditions to 
obtain consistent values for the threshold intensity of stimulation. One 
of the auditory bullae of the animal was opened under anaesthesia, and 
a plug of gum inserted in the niche of the round window to damp the 
vibration of the round-window membrane. A thread connected to the 
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plug was carried out through the opening of the wound. After recovery 
from the anaesthetic the animaFs auditory acuity was tested. The plug 
was then removed by pulling on the thread, and the test repeated. Re- 
moval of the plug consistenth caused a lowering of the threshold of 
response, amounting to 10 sensation units, on the average. A similar pro- 
cedure was carried out in acute experiments in which an electrode was 
placed on the auditory nerve and the electric response measured. Com- 
parisons showed that removal of the plug diminished by 9.9 decibels, on 
the average, the strength of stimulation necessary to obtain a given in- 
tensity of response. The close agreement between these two sets of 
experiments indicates that actual hearing is affected in the same direction 
and amount by this procedure as the electrical action potential measured 
in the auditory nerve. 

It is not so easy to draw conclusions as to the effect in general of 
fixation or damping of the membrane of the round window. It appears 
clean-cut in this series of experiments, but Hughson and Crowe (1931, 
1932) had previously reported with equal definiteness precisely contiaiv 
results. They found that the electrical response recorded from the audi- 
tory nerve was increased betw^een 10 and 30 decibels by procedures such 
as packing with moist cotton or grafting fascia over the round wdndow. 
ITe reason for the disagreement between their observations and those of 
Culler, Finch, and Girden is not yet apparent. 

The Electrical Response of the Cortex 

The general characteristics of the electrical activity of the cortex are 
described in Chapter 3. Most of the observations on the response 
of the cortex to specific stimulation have been carried out wdth 
visual stimuli, but it is apparent that the various sensory fields are funda- 
mentally similar. The temporal region of the cortex of the cat under 
avertin anaesthesia shows intermittent spontaneous activity of a relatively 
slow (5 to 30 per second) rhythmic sort. In a rather sharply limited 
area, including the posterior Sylvian, the posterior and the superior ecto- 
Sylvian gyri, the response to a single click used as a stimulus is a single 
smooth ‘‘spike.’’ This response is slower than the “spike” of the action 
potential of a medullated axon, rising to a maximum in about 3<r and 
falling rather more slowly. As recorded from the surface of the cortex 
it is regularly in the direction of electrical positivity with respect to an 
indifferent electrode. The interpretation of such a positive response is 
discussed at length by Bartley and Bishop (1933). The latency of this 
response is approximately So-. A similar spike is seen at the onset of 
a strong pure tone of any frequency. During continued stimulation there 
is often a marked increase in amplitude and often in frequency of the 
slow waves constituting the spontaneous activity. The frequency of a 
stimulating tone is not reproduced; but a succession of sharp clicks at 
frequencies up to 100 per second may elicit a series of corresponding 
“spikes.” No localization of response with respect to the pitch of a 
pure tone has been detected. 
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The precise significance of these and other electrical phenomena of the 
cortex is still quite uncertain, but they at least offer a method for localiz- 
ing the regions of direct activation through auditory channels and likewise 
constitute an objective response of great value for analyzing the activities 
of the cortical tissue. 

Relation to Auditory Theory 

The author ventures to offer interpretations of certain aspects of audi- 
tory theory which have been illuminated by the observations summarized 
in this chapter. Whether or not the following suggestions are supported 
by future evidence, if they stimulate constructive thought and experi- 
mentation in this field they will serve their purpose. 

The electric response of the cochlea is interpreted as a passive response 
to mechanical deformation of the sensory cells of the organ of Corti 
(Davis, Derbyshire, Lurie, and Saul, 1934). By ^‘passive response’’ is 
implied a transformation of part of the energy of the stimulus into elec- 
trical energy without additional release of energy previously stored in the 
cell. The electric response thus becomes an index of the total activity 
of the sense-organ. It is also suggested, without direct evidence, that 
this electrical change is the mechanism by which the fibers of the auditory 
nerve are stimulated. This is easy to imagine if the frequency of vibra- 
tion is low and the nerve impulses arise one to each sound wave, and 
presents no real difficulty for high frequencies if we recall the various 
phenomena of summation encountered in electrical stimulation of nerve 
and muscle. For auditory theory the cochlear response is also significant 
as confirming numerous theoretical predictions as to the modification of 
the physical sound waves by the mechanics of the transmission system of 
the middle and inner ear* If our opinion is correct that the cochlear 
response is a continuous function of the amplitude of vibration of the 
organ of Corti and of the number of elements of this organ involved in 
vibration, then this electrical manifestation should prove a powerful tool 
in the further analysis of the details of cochlear mechanics. 

The correspondence between the threshold of (feline) cochlear response 
and of human audibility, and the similarity of its dependence on intensity 
to the Weber-Fechner relationship, indicate that the various relationships 
between the sensation of loudness and the intensity of the stimulus are 
conditioned primarily by the properties of the sense-organ. The sugges- 
tion is inescapable that there is at least a gross correspondence between 
the magnitude of the response of the sense-organ, as measured in the 
present case by the cochlear response, and the subjective attribute of in- 
tensity of a pure tone. 

The relation of the nerve impulses in the auditory nerve to the stimulus 
on the one hand and to sensation on the other is much more complex and 
is indeed the core of the problem of auditory theory. The electrical 
studies outlined above have yielded three important pieces of information 
bearing on this point. First, the impulses in each fiber follow the fre- 
quency of the stimulus up to 1000 per second but not above. Secondly, 
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by virtue of rotation of activity of the individual fibers, the frequency 
of the stimulus may be reproduced in the total activity of the nerve up 
to approximately 3000 per second but not much above. Thirdly, the 
action potential waves are at least approximately proportional in magni- 
tude to the_ cochlear response in the low frequency range where the syn- 
chronization of the nerve impulses permits satisfactory measurements 
(unpublished observations by Derbyshire). 

The anatomical studies of Crowe, Guild, Bunch, and Polvogt, corre- 
lating localized pathological lesions in the basal turn of the basilar mem- 
brane w'ith deficiencies in hearing of particular portions of the high tonal 
range, virtually establish a '‘place” theory for the discrimination of pitch. 
For frequencies of 1000 and above we may regard the evidence as well- 
nigh conclusive on this point, relating frequency of sound waves, and pitch 
in sensation, to activity of particular regions of the organ of Corti and 
particular groups of nerve fibers. The evidence is less complete for lower 
frequencies, and the presence of the stimulating frequencies in the neural 
response allows the possibility of a frequency theory or a combination of 
frequency and place theories for low tones (cf. Troland, 1929; Fletcher, 
1930; and Wever, 1933). Simplicity and unity of theory, however, de- 
mand the extension of the place theory to include the entire tonal range. 

With the correlate of pitch established as anatomical localization of 
activity we turn to the question of intensity. Following the generaliza- 
tions of Adrian (1932) we should expect intensity of stimulus and loud- 
ness in sensation to be represented by the total number of nerve impulses 
per unit time in the entire auditory nerve. But we have seen that for 
frequencies below 1000 per second the frequency of impulses is determined 
by the frequency of the sound waves. It is the amplitude of the potential 
waves, independent of frequency, which correlates with the activity of the 
end-organ and with the sensation of loudness as a function of intensity. 
Bearing in mind the all-or-none law governing the response of the in- 
dividual fiber, we see that increase in the amplitude of each potential wave 
must depend solely on increase in the number of active fibers. For the 
low tone range therefore the correlate of intensity is simply the number 
of active fibers. Simplicity and unity again suggest that this principle 
applies to the entire tonal range. 

One interesting implication of this interpretation of loudness is that it 
rests entirely on the number of active fibers and disregards the frequency 
of impulses per fiber, once the fusion or “flutter” frequency is surpassed. 
This situation seems to be unique according to our present understanding 
of the activities of nerve “centers,” but is certainly no more difficult to 
conceive than the specific differential response to various frequencies de- 
manded by the frequency theories of pitch. It is hardly appropriate, how- 
ever, to undertake detailed physiological speculations in this place. 

Another implication is that the reproduction in the pattern of the nerve 
impulses of the frequencies of incident sound waves is to be regarded as 
incidental to the mechanism of excitation of the auditory nerve fibers, and 
of little or no significance in determining the attributes of sensation. It 
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is probably of considerable importance, however, in the binaural localiza- 
tion of the source of sound on the basis of phase or time difEetences. 

Further elaboration of these suggestions is not warranted at the present 
time. They are based in part on well-established phenomena, but in part 
on very recent work which has not yet been subjected to the test of 
criticism and confirmation. The ’writer offers them merely as Iiis personal 
interpretation of the experimental observations as they appear at the 
present moment. We are in the midst of a period of rapid advance in 
the accumulation of new facts, and any interpretation must of necessity 
be subject to continual modification with the increase of knowledge. 
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CHAPTER 19 
CHEMORECEPTI ON 
W. J. Crozier 

Harvard University 

I 

Sensory receptors naturally open to excitation by direct action of chemi- 
cal agents are found in their most diversified forms, so far as can be known 
at present, among the higher vertebrates. It has been customary to speak 
of the senses of smell, taste, and the common chemical sense — olfaction 
depending upon receptors located in the mucous membrane of the nasal 
cavities, taste upon specific groups of sensory cells usually confined to the 
oral cavity, the common chemical sense upon more diffusely arranged nerve 
terminals in moist mucous surfaces. Parker (1922) has pointed out, how- 
ever, that the *'sense of smelP’ is probably served by differentiated receptors 
in the same manner as the “sense of taste” must be regarded as comprising 
perhaps four, and at the least three, different “senses.” Connection with 
sensations is not a pioperty of all kinds of receptors, and Parker has pro- 
posed the use of the term “recept” to denote the change occurring when 
the receptive branch of any reflex arc becomes active, without regard to 
connection with sensation. This is especially appropriate when it is re- 
membered that, even in the case of such receptors as the eye, it is not feasible 
to consider that excitation and sensation are at all times synonymous. In 
the most general sense, “recept” is taken to include all effects resulting 
from reception of excitation to those changes in the central nervous sys- 
tem which include sensations when these are produced. 

The discussion of any such topic as the present one has verbal diffi- 
culties as well as others. Terms it is necessary to employ are bound to 
imply one or another mode of viewing the relationships between excitation 
and sensation. We may as well try to remember that real acquaintance 
with sensation is confined to the individual, and a remoter kind of knowl- 
edge with respect to other human beings, with vaguer and increasingly 
more unsatisfactory guesses about other animals — ^but that at the same 
time a completely “objective” terminology is impossible and a partial one 
rather grotesque as well as clumsy. The relationship between sensory 
excitation and sensation is basically rather simple, according to Adrian 
(1928). The intensity of sensory disturbance is directly proportional to 
the frequency of impulses in the sensory nerve fiber. By comparison with 
measured impulses in the nerves of cat and frog under comparable modes of 
sensory excitation, the curve of frequency of impulses with time of exposure 
is found to correspond to the requirement of the view that more intense 
sensation is correlated with increase and prolongation of sensory discharge. 
This is notably so for degrees of pressure excitation, and in the experiments 
on retinal excitation. Adrian takes these correspondences to signify that 
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the ‘^mental correlate” of intensit 5 =^ of excitation copies closely the physi- 
cal disturbances in the sensory nerves, specifically their frequency. An 
effective frequency implies discon tinuit 5 ’', but an essentially steady state 
can be produced by mechanisms already recognized in the central nervous 
system, such as the presumably synaptic structure producing moie gradual 
onset and decay of efferent discharge than is led into it by a given train of 
afferent pulses. The final integration obtained by such mechanisms could 
result in a smoothly declining or increasing intensity of central nervous 
disturbance corresponding rather closely to the course of changes induced 
in a receptor surface by a single step-wise alteration of the environment 
serving as a means of excitation, and it is not especially difficult to see 
how it could be made to follow more complicated disturbances. 

Such considerations have the merit that they utilize available quantita- 
tive information. They do not yet permit comparison of intensity of visual 
sensations, for example, with those of smell. The facts they are intended 
to summarize go only a little way toward making clear the basis of ‘^sensa- 
tion,” but they avoid the speculative error of trying to determine, as it were 
in vacuo, the nature of sensation without real data concerning its arousal 
and its properties. A certain amount of evidence goes to demonstrate the 
real possibility of quantitative differentiations among the types of afferent 
impulses connected with touch, ‘^pain,” and the common chemical sense 
(Adrian, 1930, 1931). It is not inconceivable that the differentiations 
among receptor cells of the chemical senses may involve and depend upon 
differences such as are revealed among receptors open to mechanical excita- 
tion. These are most conspicuously seen in the apparently characteristic 
relative rates of adaptation or sensory exhaustion under continuous stimula- 
tion, muscle spindle exhausting less rapidly than pressure organs, and these 
again less rapidly than tactile receptors or hair-base organs (Adrian, 1928). 
The comparison is not too remote, because mechanical excitation must at 
bottom be dependent upon induced chemical changes, such as are brought 
about by reactive components when a solution acts upon a taste-cell or an 
olfactory cell. 

From this standpoint a sensation, as of taste, is the result of 
change of activity in a particular region of the central nervous system, the 
central terminus of a particular reflex arc. The classification of sense- 
organs in terms of the sensations they mediate is therefore bound to be 
deficient, since there is no ground for the opinion that the nature of a 
sensation is determined by the receptor organs (save in a remote and to 
a degree an accidental manner). The central connections of a given 
receptor are anatomically definite, but since not all receptors are connected 
with sensation recepts, such classification would fail doubly. The group- 
ing of receptors is most effectively made upon the basis of their respective 
homologous excitatory agencies. The cogency of this procedure is 
apparent when it is attempted to deal also with the receptors of animals 
ip general. The fundamental property of a receptor is its nervous con- 
nection with an effector part such as a muscle, gland, ^ nematocyst, or other 
part the activity of which is dependent upon transmitted impulses. This 
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is the zoologically primitive property, and the only one generally possessed 
by sense-organs. 

It has been maintained at various times that the elementary condition of 
a receptor is one in which a certain diversity of agencies may prove excita- 
tory. The comparison with a protozoan such as Amoeba is enticing. But 
in fact there is good evidence of receptor differentiation even in sea-ane- 
mones, as Parker (1919) has shown. In these animals, receptors in the 
outer epithelium are rather diicctlv connected with muscles, so that in 
the main the nervous system approximates the diffuse elementary state from 
which it is possible to suppose that moie complex nervous systems have 
arisen. Even here, however, the chemical excitation of the tentacles of 
the anemone by meat juice is not paralleled by any similar excitability of 
the pedal margin of tlie column ; nor is tactile sensitivity of the pedal mar- 
gin at all reflected to any similar degree in the responses of the tentacles. 
It is true that with sponges (Parker, 1910) no nervous elements at all can 
be recognized, so that the contractile cells must be regarded as directly 
excited to activity by diverse agencies. But there is no clear evidence 
that the earliest, or at least simplest, receptors presumed to have arisen as 
triggers connected to such contractile elements were other than already 
in a measure specialized. 

It is true that so far as investigation has gone the general properties of 
protoplasm seem as evident in sensory cells as in, say, Amoeba, None the 
less, there is apparent in the case of such ‘^generalized^* sensory surfaces as 
the skin of echinoderms and mollusks [e.g., Holothuria (Crozier, 1915«r).; 
Chiton (Arey and Crozier, 1919)] a functional separation of receptors 
activated by mechanical means and by light or by chemical agents. While 
this evidence is derived chiefly from experiments aiming at differential 
exhaustion, and is thus imperfect, theoretically, it is sufficient to encourage 
the idea that a basis for sensitivity must be sought which has a specific 
character. We can imagine that mechanical features of structure may 
bring it about that a given receptor is more easily excited under common 
circumstances by mechanical distortion than by change of temperature, for 
example. The facts of heterologous stimulation require the assumption 
that the changes immediately responsible for setting in train a series of 
one or more impulses are determined by intrinsic “metabolic” processes, 
the relative rates of which are altered upon acceleration. But the speci- 
ficities evident in stimulation by light, or in the categories of taste-buds 
in man, equally require the presence of specific receptive substances or 
arrangements of materials upon which a specific alteration in the potential 
factor of some form of energy in the environment can easily produce a 
definite effect. ^ * 

There are certain advantages in considering the term “stimulus,** often 
abused in many ways, as applying not to the environing disturbance 
impinging upon a receptor but rather to the^ primary change wrought by 
this disturbance within the receptor. “Excitation** might then be taken 
strictly as having reference to the changes resulting in release of impulses 
from the primary receptor to the paths of transmission. “Excitatory agent** 
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could then be employed for the external disturbance. This view has 
certain advantages in the treatment of sensory adaptation, “after-effects,” 
and the like, but it need not be insisted upon. 

Of the three general types of receptors conveniently recognized on the 
basis of the nature of the homologous excitatory agent, namely, radiorecep- 
tors, chemoreceptors, and mechankoreceptors, the chemoreceptors illus- 
trate very clearly certain points already referred to regarding sensory differ- 
entiation. It is not to be supposed, however, that any fundamental dis- 
tinction is to be drawn between the intrinsic activities of these organs. 
Mechanical stimulation must be regarded as dependent on chemical changes 
consequent upon the distortion or breakdown of protoplasmic surfaces, 
and photic and thermal excitation upon the difEerential acceleration of 
processes in receptor cells absorbing the respective energies. Structural 
features which make certain receptors accessible to the action of external 
solutes, together with the possession of suitable reactive substances, are cer- 
tainly concerned in the differentiation of chemoreceptors. 

Among the chemoreceptors of vertebrates, three sorts of histological 
organization are apparent. They may be taken to represent stages in 
evolutionary change and elaboration (Parker, 1912), The neurons of the 
olfactory epithelium (and of the vomeronasal organ) are “primary sense- 
cells”; the perikaryon is located in the epithelium, the transmitting axon 
passing as nerve fibers to the central nervous system. The receptors of 
the common chemical sense are “free” nerve terminations in the epithelium 
of moist surfaces at apertures of the body, without clearly specialized end- 
organs; the perikarya are deeply situated, centrally from the epithelium. 
The receptive cells of taste-buds are “secondary seuvse-cells,” forming 
groups of elements associated with the terminals of neurons of which the 
cell-bodies or perikarya are, as with the afferent neurons of the common 
chemical sense, deeply situated in association with the central nervous 
system. 

Because of its similarity with the receptor element in such forms as sea- 
anemones and other invertebrates, in that its nerve-cell body is located in 
the receptive epithelium, the olfactory receptor is regarded as primitive, 
morphologically. From it, by centripetal migration of the perikaryon' 
the Ihistological form of the free nerve terminations of the common chemi- 
cal sense may be derived. The formation of taste-buds apparently 
represents the result of a process termed by Parker (1912, 1922) 
“sensory appropriation.” It is as if the piesence of free nerve terminations 
of the appropriate sort resulted in the determinate modification of ordinary 
epithelial cells, such that certain of them assume the form of receptor cells, 
the “secondary sense-cells” already referred to. The nature of this 
process is clearly evident when gustatory nerves supplying taste-buds are 
cut; the degeneration of the peripheral, isolated portion of the nerve is 
followed and accompanied by the degeneration of the taste-bud cells and the 
elimination of their remnants (Olmsted, 1920<r, 1920/y, 1921, 1922); the 
regenerative growth of the cut fibers brings about the re-formation of 
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taste-buds with the arrival of the terminals of the libers at llie gcrminative 
layer of the epithelium. 

These phenomena raise a number of problems as to the nature oi the 
metabolic and morphogenetic significance of the sensory neuron and its 
several parts. Parker (1929) has re-examined the general question of the 
role of nerve-cell body and neurofibrils, and brings forward the probabil- 
ity that with regard to nervous operations these are likely to be solely 
of a nutritive function. Along such channels as the neurofibrils may pro- 
vide, or upon their surfaces, it is possible to conceive that movement of sub- 
stances may occur centrifugally, resulting in a kind of secretion fiom the 
ends of the terminal divisions of the neuron at the epithelial surface. 
Such substances, neurohumors (Parker, 1932), may be regarded as 
responsible for the morphogenetic changes which result in the forma- 
tion of taste-bud cells from ordinary epithelial cells. Moreover, if 
we consider the nucleus and perikaryon as a focus of origin for substances 
(oxidative catalysts, for example) of special importance in metabolism, 
it is possible to understand the comparative sensitivities of the three large 
categories of chemoreceptors. It will be pointed out that chemoreception 
apparently involves reaction between excitatory solute and constituents 
of the receptors. If these constituents are supplied through the ordinary 
progress of tlie native metabolic processes of the nerve-cell bodies — and we 
must suppose that all such substances are constantly being supplied and 
simultaneously removed, in the case of any active cell constituent (Oster- 
hout, 1923) — then it is reasonable to find that, broadly speaking, the olfac- 
tory receptor is the most sensitive, the taste-bud less so, the receptors of the 
common chemical sense least sensitive, even when the test substance is the 
same with the three sensory fields (Parker and Stabler, 1913). In the 
taste-bud it is the taste-cell, rather than the primary neuron, which pre- 
sumably supplies the essential reactants. 

The three categories of chemoreceptors have it in common that they 
are excited by substances in solution. With taste-buds this is quite 
obvious. Both in fishes and in air-inhabiting vertebrates this is also true 
of the olfactory organs of the nasal cavities, for with the latter the olfac- 
tory terminals arc at least for the greater part imbedded in a layer of 
mucus, an aqueous solution of glycoprotein. According to Hopkins 
(1926) the fine stiff ends of the olfactory cells of the frog project 
into the air space of the nasal cavity, but even if this condition be in fact 
a general one among air-dwelling vertebrates the exciting substance must 
first diffuse into the surface of the olfactory cell. Direct contact with 
the appropriately reactive substance is necessary for the excitation of a 
chemoreceptor. In the case of the terminals of the common chemical 
sense, the immediately neighboring epithelial cells presumably suffer ex- 
citation, and through their activity (as by secretion of juices) secondarily 
excite the nerve terminals. 

The direct character of the action of the stimulating agent as a chemical 
reactant with the chemoreceptor would appear to offer an unusual oppor- 
tunity for the investigation of the chemical mechanics of excitation. There 
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has been a tendency to treat this question as perhaps best approached in 
terms of the electrical changes invariably accompan\dng exdtation, with the 
implication often given that these changes are in some sense primary or 
fundamental. Electrical changes, however, must be due to differential 
concentration or accumulation of ions, and to the chemical processes yield- 
ing this result we must look for the initiation of excitation. Sense-organs 
should afford the most suitable places in which to investigate the mechanics 
and dynamics of irritability (Crozier, 1916^7; Lucas, 1909), because we 
have in them sensibly '^unifunctional” elements, with index-responses per- 
mitting experimentation in the undamaged organism. This type of 
examination has made a promising beginning in the physiology of chemo- 
receptors. 

11. Olfaction 

The two nasal cavities of man are separated by a smooth median septum. 
Their lateral walls exhibit a series of approximately horizontal folds, 
usually three in each cavity. The lowermost of these folds or nasal con- 



Anterior-Fostbrior Section through Nasal Fossae 
The arrows indicate the direction of the air currents during inspiration. 
(After Howell.) 
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chae extends over most of the length of the nasal cavity (Figure 1) ; the 
two conchae above this inferior one arc of decreasing size ; there is a certain 
amount of variation in the number of these folds (Schaeffer, 1920). The 
conchae project into the nasal chamber in such a way as to provide an in- 
ferior median, and superior meatus or channel. The inferior meatus first 
receives air drawn in through the external naris. Medially each meatus is 
confluent with a large common meatus, with which also communicates 
the so-called olfactory cleft lying between the most superior concha and the 
septum. These spaces are all rather freely connected with the choana 
(posterior naris) and so with the pharynx. A complex series of accessory 
spaces or sinuses of relatively large size, connected with the nasal cavities, 
are located in the bony framework of the nose. 

The deeper part of the nasal cavity is chiefly covered by the so-called res- 
piratory epithelium, which is pseudo-stratified, containing ciliated cells 
whose cilia beat toward the choana, and abundant branched alveolo-tubu- 
lar glands containing serous as well as mucous cells. The conchae es- 
pecially are highly vascular, their edges erectile and capable of enlargement 
through reflex excitation. Air entering the nasal cavity is warmed and 
moistened by passage over these surfaces, the rich circulation in which gives 
them a reddish hue. 

The olfactory region proper is of a yellowish tint, or brownish. Only 
the inner face of the superior concha and of the adjacent outward face of 
the nasal septum is innervated by the olfactory nerve (von Briinn, 1892), 
forming the approximately rectangular olfactory area or von Briinn’s 
area (Figure 2). The extent of this innervated surface is approximately 
500 sq. mm. in man (Read, 1908), but its boundaries are not sharply 



Olfactory Cleft of Man Opened by Turning the Nasal Septum Upward 
The blackened area shows the distribution of the olfactory nerve. 

(After A. v. Briiftn.) 
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delimited. Ehrlich (1886) and Arnstein (1887) demonstrated that the 
'‘nucleated fibers” recognized by Schultze (1856) and other observers in 
the olfactory epithelium were continuous with nerve fibers, and could thus 
be regarded as the olfactory sense-cells — a conclusion supported by later 
histological studies (Retzius, 1894). These nerve cells have their peri- 
karya imbedded in an epithelium containing two distinct types of cells (Fig- 
ure 3 ) , the so-called basal cells next to the tapetum and the usual epithelial 



FIGURE 3 

Olfactory Epithelium of an Embryo Chick (Ninth Day) 

Showing olfactory cells, substentacular cells, and free nerve endings of fibers 
from ganglion cells of the trigeminal nerve. 

(After Rubaschkin, 1903.) 

or sustentacular cells (the latter containing granules of yellowish-brown 
pigment distinguishing this region). 

There is no reason to suppose that the free nerve terminals also found 
in this epithelium differ essentially from those connected with the trigem- 
inal nerve and found in other parts of the respiratory epithelium, or that 
they are significant for olfaction (Rubaschkin, 1903). 

The cell body of the olfactory cell is ovoid, containing a rounded nu- 
cleus with well-marked nucleolus. From the region of this enlargement, 
the cell extends distally in coarse rod-like form to a slightly swollen knob 
at the outer surface of the epithelium. From this enlargement, called by 
Van der Stricht (1909) the “olfactory vesicle,” spring the “olfactory 
hairs,” cilia-like protoplasmic filaments (Schultze, 1862). The number of 
these “hairs” varies from 2 to 12 per cell, in different cases. Their delicate 
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Schematic RupRF8KNTATir)N of Typical Chemoreceptive Sensory Elements 
Above, reccptoi of the olfactoiy epithelium and of Jacobson's organ; middle, 
receptor of the common chemical sense; below, compound receptor of a gustatory 
organ or taste-bud, comprising secondary sense-cells. 

(After Parker.) 



A 


FIGURE S 

An Isolated olfactory cell and sustentacular cell from a frog. (After Schultze 

1862, Plate 1, Figure 4.) m /n \ v u 

Bn A Golgi preparation of an olfactory cell from a pike {Eso^}t m which 
not only the cell body and the basal nerve fiber process are well shown but also 
the long peripheral olfactory flagellum. (After Jagodowsfci, 1901, Figure 8c.) 
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Structure suggests that they are retracted and often lost in the course of 
making histological preparations, and Jagodowski (1901) has indeed sug- 
gested (Figures 4 and 5) that they are more suitably termed flagellae or 
lashes, since in favorable preparations they may be two or three times as 
long as the body of the olfactory cell. Their importance lies in the fact 
that they are undoubtedly the true olfactory surfaces, although imbedded 
in the mucus of the nasal cavity. The exact form of the olfactory cell 
is subject to a certain degree of variation (Asai, 1913), but the significance 
of this is uncertain. 

In lower vertebrates less complication is evident in the form of the 
olfactory spaces. Keen-scented mammals, on the other hand, usually show 
an even more pronounced development of the conchae, which may be im- 
portant for raising the temperature of snifiFed air and thus assisting in the 
reaction of its odoriferous constituents with the olfactory epithelium. By 
contrast with macrosmatic forms, aquatic mammals (whales, porpoises) 
show practical degeneration of the olfactory sacs, at least in so far as con- 
cerns their function in smell. In bony fishes such as the catfish (Amiurus) 
the pair of olfactory pits are with rare exceptions on the dorsal surface of 
the snout, each pit provided with an anterior and a posterior aper- 
ture (sometimes with tubular projections, as in the morays). Through 
these pits a current of water passes, as a result either of the activity of cilia 
within the pit or of the muscular action of pharyngeal muscles (as in such 
forms as Fundulus). Among elasmobranchs the nares are on the ventral 



Ventral View of the Head of a Hammer-Head Shark (Cfsiradon) Showing 
THE Olfactory Fits (o) Widely Separated 
(After Carman, i913, Plate I, Figure 2.) 
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surface, each pit being clivicled a fold so arranged as to permit the pas- 
sage of water through the olfactory cavity when the fish swims fonvard 
(Figure 6). 

Even in elasmobranch fishes the nasal sac shows incipient division into 
two regions, taken to be prophetic of a division which is more pionounced 
in frogs and in snakes. One member of this pair is the nasal cavity already 
discussed, the other, medialh situated one, is the vomeronasal organ (Ja- 
cobson's organ). In snakes it opens independently into the oral cavity, a 
general arrangement which is retained in most mammals. In certain ro- 
dents, and in some primates (man), it opens by way of a proper duct into 
the nasal cavity. Von Briinn and later workers (Read, 1908) showed 
that the epithelium of this sac is innervated just as is the olfactory 
epithelium. It has been suggested that the vomeronasal organ may be con- 
cerned with the sensing of conditions in the nasal secretions (Broman, 
1918), but it seems usually to contain air, so is best regarded as a sub- 
sidiary olfactory receptor. 

In still lower vertebrates, and particularly with invertebrates, the con- 
ditions of the olfactory receptors are quite different and diverse. More- 
over, the means available for their identification have only begun to yield 
results which are of interest This is notably the case with insects, for 
the behavior of which the significance of chemical excitation appears to 
be in some respects paramount. For certain insects at least, there is evi- 
dence (Minnich, 1926i, von Frisch, 1927) to support the contention that 
smell and taste are as distinct as in higher vertebrates. Whether in such 
forms there is something corresponding to the common chemical sense 
(Hanstrdm, 1926; Hartwell, 1924) is as yet quite uncertain (Minnich, 
1931^, mU; Allison and Katz, 1931-32). 

Well-controlled experiments with hive bees have enabled von Frisch 
(1921) to conclude that the organs responsible for associative responses to 
odor-boxes are in this insect located on the antennae. Removal of a por- 
tion of the antennae at a time showed that the essential region of these 
organs is confined to the fourth flagellar segment. The presence of but 
three-quarters of the extent of this segment suffices to permit good olfao 
tory discrimination. The retention of the whole of this segment allowed 
the retention of an established odor-habit, and even the establishment of 
a new one through training. The receptors here concerned are the “pore- 
plates.'’ These are ovoid plates of chitin surrounded by a thin narrow 
ring, under which the sensory fibers terminate. To these organs may be 
added the “olfactory cones" on the antennae, and certain “hairs," also re- 
garded as organs of smell (von Frisch, 1921, Wacker, 1925).^ Among a 
series of muscid flies exhibiting different habits as regards their food and 
oviposition requirements, Liebermann (1925) demonstrated a correlation 
between the number of antennal sensory cones on the antennae and the 
probable relative difficulty of finding adequate pabulum. Flower-feeders 
had, on the average, 1972 sense-organs; carrion- and excrement-feeders, 
3584; and bot-flies, 6383, 

On the other hand, Meindoo claims (1914, 1926) that the olfactory re- 
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ceptors of insects (bees, for instance) are not located on the antennae, but 
are found in the “olfactory pores” situated for the most part on the wings, 
at their bases, and on the proximal segments of the legs, as well as occurring 
scattered on other surfaces. The chief argument advanced in favor of this 
view, which has not found general favor, is obtained from measurements 
of reaction -time. According to Mclndoo, in bees the speed of response to 
odors is inversely proportional to the total number of pores present in the 
several castes. There is no real reason to suppose, however, that reaction- 
time (latent period) for a response should depend directly on the number 
of receptors activated. Mclndoo and others (Minnich, 1*924; Abbott, 
1927) have shown, however, that in other insects olfaction is not confined 
to the antennal organs, although elimination of the antennae seriously 
reduces the reactivity to odors. 

The certainty with which definite responses to odors can be obtained 
from some insects, with proper control of experimental conditions, enabled 
von Frisch (1919) to show that the sense of smell in these forms shows 
singular parallelisms with that of man. This was notably so in experi- 
ments designed to test by his training method the ability of bees to dis- 
criminate among odors such as those of essential oils. The judgment of 
similarity as to odor as made by man, and the delicacy of discrimination, 
turned out to be very much the same as evidenced in the behavior of 
trained bees. Moreover, although the details need not here detain us, 
von Frisch was able to show (for general summary see von Frisch, 1928') 
that pairs of unlike substances smelling nearly alike to man are responded 
to very similarly by the bees in discrimination experiments. Such results 
tend to give promise of generality to any theory of specific olfactory excita- 
tion. 

The movement of air through the nasal chambers of man in quiet 
respiration does not ordinarily excite olfaction, unless the concentration 
of the excitant be fairly high. Paulsen’s (1882) tests with the split head 
of a cadaver showed that gentle currents drawn in through the nostrils 
did not impinge above the mid-region of the cavity, and thus tended to 
escape the olfactory area, although eddy currents may easily be set up. 
Sniffing movements, however, produce disturbance adequate to rise at most 
to the lower margin of the superior concha, even “with an inspiratory move- 
ment (Zwaardemaker, 1925). Eddy currents of this sSort probably result 
in gradual diffusion of odoriferous material into the region of the olfactory 
cleft, at least in sufficient amount to excite more vigorous sniffing move- 
ments. The condensation of excitatory particles — it would appear first in 
water vapor in the nasal cavity — ^probably serves to concentrate the stimu- 
lating agent on the olfactory mucous surface, and this condensation seems 
to be facilitated by the presence of such agents (Zwaardemaker, 1925). 
Evidence of a reverse kind points to the necessity of solution of gaseous 
molecules as prerequisite for olfaction, since the time for the disappearance 
of olfactory sensation due to a series of odoriferous substances is directly 
proportional to their vapor tensions (Woodrow and Karprnan, 1917). 

The quantities of substance requisite for olfaction are well known to be 
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minute. Comparative measurements of odoriferous excitation have been 
made by means of the device arranged by Zwaar demaker, of which various 
modifications have been employed. The excitatory substance is spread 
upon the inner surface of a tube, into which fits a second, graduated tube 
supposedly free from excitatory substance. The extent of surface of the 
outer tube exposed by extracting the inner one (Figures 7 and 8) will 



Simple Ox.factometer 
(After Zwaardemaker, 1895.) 



Simple Rubber. Olfactometer 
(After Zwaardemaker, 1895, Figure 14.) 

be a measure of the substance given off for excitation, other things con- 
stant. The free end of the inner tube is adjusted to the nostril. Arbi- 
trary units of surface used in this way are termed (Zwaardemaker) olfac- 
ties. The comparison of odors is possible, in an empirical semi-quanti- 
tative way, by the use of several such instruments, or by a double one 
permitting assault upon each of the two nasal chambers simultaneously. 
An instrument possessing theoretically more desirable features has been 
used by Allison and Katz (1919) as an odiometer. Gas flow-meters are 
arranged to provide measured volumes of air passing in contact with a 
desired substance at a uniform rate, which can then be diluted with a 
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measured flow of pure air, the mixture being delivered at the wide end of 
a funnel. 

Although the data resulting from attempts to measure absolute limits of 
olfactory acuity exhibit numerous discrepancies, depending in part upon 
technical conditions, they agree in pointing to the very small quantities 
of material concerned. When stated in terms of weight of substance in- 
spired, the concentrations are of deceptively tenuous order ; the numbers of 
molecules concerned are in fact large. We may recall that a quantity of 
energy equal to about one quantum per second suffices to excite the retina, 
for example. The experiments of Fischer and Penzoldt (1886) showed 
that mercaptan could be recognized at a dilution of about 1/23,000,000,000 
milligram per cc., or approximately 1/460,000,000 milligram for the 
nearly 50 cc. of air required for olfaction; according to von Frey, this mini- 
mum quantity of mercaptan amounts to 200,000,000,000 molecules. Cer- 
tain minimal detectable concentrations of odorous materials are listed in 
Table 1. 


TABLE 1 


Concentrations of Odorous Materials To Give Detectable Excitation, 
Mg. per Liter of Air 
(Allison and Katz, 1919) 


Ethyl ether 

5.83 

Chloroform 

3.30 

Ethyl acetate 

0.686 

Ethyl mercaptan 

0.046 

Pyridine 

0.032 

Oil of peppermint 

0.024 

Iodoform 

0.018 

Methyl isothiocyanate 

0.015 

Butyric acid 

0.009 

Allyl isothiocyanate 

0.008 

Propyl mercaptan 

0.006 

Amyl thioether 

0.001 

Artificial music 

0.00004 


In general, such experiments show that the higher members of homolo- 
gous chemical series of compounds are more effective as excitants than the 
lower. The relative concentrations of the materials in a given series re- 
quired for minimal excitation are retained for other arWtrary degrees 
of intensity of stimulation. According to Backman (1917), the rela- 
tive excitatory power is determined not alone by the aqueous (mucous) 
covering of the olfactory elements but also by the probably lipoidal char- 
acter of the surface of the receptor. There is a certain qualitative 
justification for this view, since substances very little soluble in water are 
as a rule ineffective, but, as in the case of the majority of substances which 
penetrate cells readily, the chemically non-polar property which gives them 
solubility in non-polar liquids (lipoid solvents) seems more important 
(Larguier des Bancels, 1912; Kremer, 1917; for a recent bibliographic 
summary regarding permeability see Gellhorn, 1929; Osterhout, 1931, 
1933). 
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In general, however (von Skramlik, 1926; Delange, 1930; Durrans, 
1919; Poucher, 1932), increasing intensity of odor goes with increasing 
molecular weight, up to a maximum, and then declines with still higher 
molecular weights. This is to be expected if solubility in non-polar 
liquid or cell-surface constituent is important as well as solubility in 
water; the former increases with rising molecular weight, the latter falls. 
The manner of action of an odor-excitant is clearly a function of its 
chemical structure, the intensity of action, however, is conditioned by 
solubility. A good instance, although involving pungency rather than 
smell, is given by the effects of members of the capsaicin series (Nelson, 
1919). Capsaicin (the pungent principle of red pepper) is one member 
of a series of homologous vanillyl-acyl amides, and the most pungent; for 
the various members of the series the relative pungencies go through a 
maximum : 

Vanillyl n — ^hexoyl amide — 5 
“ “ — ^heptoyl amide — 25 

“ “ — octoylamide — 75 

“ — nonylamide — 100 

« « — dccoylamide — 50 

« undecoyl amide — 25 

« « — dodecoyl amide — 25 

** undecenoyl amide — 25 

The solubility of olfactory excitants in water is of course a primary requi- 
site in the case of aquatic vertebrates, such as fishes (Parker, 1910, 1922). 
Even quite recently the opinion of Weber (1847) is repeated, to the 
effect that gases or vapors are the homologous stimuli for smell, rather 
than solutions, for air-dwelling forms. While in a sense this notion 
may be correct as applied to insects, for example, it is certainly true that 
the olfactory organ of man can be stimulated by solutions (Veress, 1903) 
and presumably it is normally so excited as a rule (Snyder, 1910). 

In common with other receptors, continuous excitation of the olfactory 
organ induces sensory adaptation, such that a given odor is no longer per- 
ceived. In general, recovery of sensitivity takes longer than direct adapta- 
tion, but this must be seriously influenced by the movement of mucus 
charged with the stimulating substance away from the olfactory region. 
If during a period of continuous excitation of fixed intensity one deter- 
mines the minimal intensity for stimulation, it is found (Zwaardemaker, 
1925) that the rate of sensory exhaustion increases with the adapting in- 
tensity. The time course of adaptation, as determined by this method,^ is 
approximately rectilinear over the ranges which have been explored (Fig- 
ure 9). This might be interpreted as due to the removal of ^'receptive^^ 
substance at a constant rate ; or better — defining the sensitivity^ at any 
moment as = l/C where C is the amount of material requisite for 
excitation — we can say that the sensitivity declines hyperbolically during 
continuous exposure. 

The classification of odors might be expected to lead to a certain under- 
standing of the mechanism of their specificity. It cannot be held, however, 
that this end has been achieved. The classification due to Henning (1916) 
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Curves of Olfactory Exhaustion Produced by the Action of Two Different 
Substances Acting for Different Periods 
The threshold values (in olfacties) are marked on the ordinates^ and the duration 
of stimulation (in seconds) on the abscissas. 

(Data from Zwaardemaker, 1895, Figure 22.) 

is in some respects the most satisfactory, though it inevitably leaves much 
to be desired. Perhaps part of the deficiency of any such scheme arises 
from the fact that the odors listed are not those ascertained for chemically 
pure substances. And, in that there would be experimental difSculty not 
unlike the attempt to prepare any organic substance in pure state, the 
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elimination of the last traces of impurity is in many cases impiacticable, 
and these very traces usually exert detectable and confusing effects, analo- 
gous to the catalytic influences of impurities in organic reactions. Henning 
considers a scheme of six fundamental classes^ which offers a means of 
picturing the relationship of “mixed** or intermediate odors (Figure 10). 


foul 



Henning's Olfactory Prism 
(After Henning, 1916, Figure 4-.) 

Substances of “intermediate** smell are to be plotted in appropriate posi- 
tions on the respective surfaces. Intensity cannot be represented in such 
a scheme. 

Henning abandons the conception of particular osmophoric groups as 
determining the odors associated with particular molecules, and constructs 
his scheme for the aromatic compounds in terms of the structure of the ring 
molecule. As a rule the substituent groups which are odor-generating are 
the hydroxyl, aldehydic, ketonic, ester, nitro, and nitril, but the type of 
odor is determined chiefly by the total molecular configuration. These 
classes are labeled spicy^ flowery ^ fruity j resinous, burnt, and foul, assumed 
interrelated as in Figure 10. The substances giving the spicy odor have, 
as in anisaldehyde, substituents in para-position; in the flowery group, in 
the meta- or ortho-positions (e.g., tuberon) ; the molecules of the fruity 
group have branched side-chains (e.g., citral); in the resinous, they are 
inner ring compounds (pinene) ; in the burnt group (as pyridine) the 
ring is simple; while for the foul odors (e.g., cacodyl) the ring is broken. 
This grouping is ingenious, though in part dependent upon conceptions of 
structure perhaps not always acceptable to the organic chemist, and it has 
the merit of emphasizing the reactive potentialities of the whole molecule of 
the exciting substance. But It tends to ignore the fact that excitation prob- 
ably depends upon an inner mechanism, as regards the receptor, and that 
the “smeir* of a substance is not primarily a property of the substance it- 
self. Until more has been learned of the relationships between number 
of sense-cells, and their local distributions, excitable by typical groups of 
substances, progress here would seem likely to be slow; and the inaccessibil- 
ity of the organ impedes such experiments. 
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As Henning recognizes, there is no real ground for assuming that his 
six classes correspond to elementary smells more than remotely analogous 
to elementary colors. A few cases of partial anosmia have been de- 
scribed, which suggests a functional dififerentiation of receptors such as 
might be responsible for the existence of integral olfactory qualities; but 
these cases are not numerous, nor particularly well examined. The ex- 
istence of true olfactory components would not be negatived by the syn- 
thetic action of two or more mutually indifferent substances to produce a 
new odor, and such effects might receive ready interpretation in this way. 
The problem of competition of independently aroused odors, and of the 
mutual extinctions of smells received by the two nostrils simultaneously 
(Zwaardemaker, 1925), is essentially one of central inhibition and lies 
outside the scope of the present summar}''. But the existing experimental 
facts do not justify speculation. Fusion-odors of this type have been 
observed, and their common existence in everyday life is a matter of uni- 
versal experience. In this respect and in one other, olfaction contrasts 
sharply with its companion sense, taste. The greater delicacy of the 
olfactory receptor permits its function as a distance receptor, akin in a 
measure to sight, whereas with taste the source of stimulation must be 
close at hand, even in fishes, to provide a concentration of excitant adequate 
for stimulation. These two features of smell go far toward explaining the 
role which olfactory excitation occupies in the feeding and protective 
reflexes of higher animals, in the recognition of distant food and in the 
arousal of alimentary secretions, and in sex recognition and excitement. 

III. Common Chemical Sense 

The general sensitivity of the skin of aquatic lower vertebrates to a 
variety of chemical irritants is well known (Nagel, 1894; Parker, 1908^^, 
1908^; Sheldon, 1909; Crozier, 1915^). In man, this form of irritability 
is found on all exposed moist surfaces, including that of the nasal cavity. 
Frohlich (1851) showed that in the nasal cavity two sets of receptors 
were present which could be activated chemically — the olfactory receptors 
proper, and free nerve terminals probably of the trigeminal nerve. For 
the latter, such irritants as ammonia are homologous stimuli, and they are 
responsible for more immediately visible reactions, such as sneezing and 
rubbing the eyes, than are seen with smell. In the catfish Amiurus^ 
Parker was able to demonstrate the persistence of responses to mildly 
irritating solutions applied to the surface of the body when the nerves 
connected with the facial and the lateral-line nerves were cut, so that only 
the free nerve terminals of afferent spinal nerves could be available for 
excitation (1922). 

^ There can scarcely be question of the distinctness of the human sensa- 
tions attributed to the common chemical sense as contrasted with those of 
pain, smell, or taste. Functional separation of these receptors from those 
of pain is easily obtained by the use of cocaine as a differential narcotic. 
Similarly, differential exhaustion of an area of the sbn of Amphioxus 
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(Parker, 1908^) treatment ^nth successive applications of v^eat 
acid leaves the animal unresponsive to this form of excitation at that 
but full}^ responsive to touch. The existence of a separate series of re- 
ceptors responsible for excitation by mildly irritating substances, the tree 
nerve terminals such as those of the trigeminal, seems therefore well 
established, as indicated also by specific forms of action potentials in 
afferent nerves (Hoagland, 1932). The mode of their excitation diifers 
from that of the two other chemical senses, inasmuch as it must be indirect, 
namely, through the activation of the general epithelium and secondarily 
of the nerve terminals concerned. 

IV. Taste 

Aqueous solutions of a wide variety of- substances, in moderately high 
concentration, excite the sensation of taste in man when applied to the 
tip of the tongue and to certain adjacent buccal surfaces such as the upper 
margin of the gullet, the epiglottis and soft palate, and certain less clearly 
defined regions of the upper pharynx. In fishes, Herrick (1903) found 
many forms to possess taste-organs on the outer surface of the body, and in 
the catfish A miurus these have been shown to be connected with the seventh 
nerve, so that from the standpoint of homolog}’' these must be regarded as 
gustatory organs (Figure 11). In A miurus the discharge of meat juice 



FIGURE 11 

Lateral View of the Catfish {A miurus melas) 
(From Herrick, 1903, Figure 3.) 


in contact with the lateral surface of the body or with a barbel results in 
typical gustatory (feeding) response (Herrick, 1903; Parker, 1912), 
with the implication of tactile excitation. 

The taste-buds are spindle-shaped or bottle-shaped groups of cells often 
opening to the outside by a small pore (Figure 12). In the rabbit 
(Heidenhain, 1914) compound buds with five or six pores have been found 
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FIGURE 12 

Sections through Tastf-Buds of the Rabbit, Prepared by Golgi Method 
Left (after von Lenhossek), showing sensoiy cells and a “sustentive” element 
right (aftei Ret/ius), showing terminal fibers. 



FIGURE 13 

Section through One of the Taste-Buds of a Papilla Foliata op the Rabbit 
e, superficial epithelial cells; m, leucocyte containing granules; t, gustatory pore: 
s, gustatory cell ; r, sustentacular cell ; n, nerve fibers. 

(From Quain, after Ranvier, copied in Howell.) 


(Fi^re 13). In certain cases tlie outer pore leads through a short canal 
to the taste-bud proper. 'Fhese buds are. in vertebrates, located on all 
^rtaces from the excitation of which gustatory responses can be obtained. 

r 1 To u vertebrates by Lov^n 

(1867) and Schwalbe (1867), who showed that the “taste-cells” number 
from two to a dozen or so in each bud. Exteriorly the receptive end of 
the taste-cell projects into the pore of the bud, forming a “taste-hair.” In 
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addition to the tastc-cells proper, each bud includes a number of sustenta- 
tive cells. It is possible that these gradually replace the taste-cells func- 
tional at any one time. 

Although in young children taste-buds are found on various oral sur- 
faces from which they gradually disappear during growth, in the adult 
they are chiefly developed on the tongue, where they are almost exclusively 
associated with papillae of one or another form (Figure 14). Fungiform 
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FIGURE 14 

Dorsal View of the Human Tongue Showing Foliate Papillae (/) and Vallate 

Papillae (-y) 

(After Parker.) 

papillae on the dorsal surface of the tongue usually possess several taste- 
buds, located on smaller papillae dotting the upper surface (Figure 15). 
The foliate papillae at the lateral edges of the tongue are a set of from 
three to eight folds at the base of this organ. These folds are richly pro- 
vided, laterally, with taste-buds. The vallate papillae form a chevron-like 
row of about 10 large but low elevations, each with a deep depression about 
it, in which the taste-buds lie (Figure 16). The most recent enumerations 
of these buds (Heidrich, 1906) show the number of these buds to be about 
250 to each papilla, but with much variation. 
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FIGURE 15 

Vertical Section of a Fungiform Papilla Showing Two Taste-Boos 
(After Parker.) 



FIGURE 16 

Vertical Section of a Vallate Papilla Showing Taste-Buds 
(After Parker.) 


It wa.s demonstrated by Retziu.s (1892) that the nerve fibers supplj'ins 
the taste-buds are not directly united with the taste-cells, but end upon their 
surfaces or in close connection therewith, a view which subsequent work 
has confirmed. From the network of nerve fibers immediately beneath a 
taste-bud, fibers of two sorts may pass to it— -namely, those which end 
upon the surface of the bud and those which penetrate between its cells; 
the latter may be intimately associated with the so-called “supporting cells," 
and this fact is again consonant with the notion of a progressive replace- 
ment of generations of active receptors and with the state of affairs re- 
vealed in the degeneration of taste-buds separated from the trophic cen- 
ters of their innervating fibers. This type of structure is practically uni- 
form throughout the vertebrates. 

Fibers innervating taste-buds travel in the vagus, glossopharyngeal, 
facial, and trigeminal nerves of man. The exact pathways of distribution 
of the relevant fibers are not yet entirely clear. Some from the vagus go 
to the posterior region of the tongue; the buds of the foliate and vallate 
papillae are supplied from the glossopharyngeal. The anterior region of 



W. J. CROZIER 


1009 


the tongue is supplied by the combination of a branch of the trigeminal 
(the lingual nerve) and the corda tympani, but according to Cushing 
(1903) the sense of taste persists on the anterior region of the tongue 
after removal of the nerve supply through the trigeminal (Figure 17). 


^ Mtnor 

$u/xr/lcti/is m^jor 
Gr. Semilun. 







Me eke hi 
'N. ViJlen 
.Oticam 


FIGURE 17 

Schema Showing the Course of Taste-Fibers from the Tongue to the Brain 
After Cushing. The dotted lines correspond to Cushing’s view; the plain black 
lines correspond to some authors’ supposition. 

(After Howell, Figure 120.) 


A relatively small number of distinct taste-qualities are excitable by 
homologous stimuli for taste. The so-called “alkaline taste” V 7 as regarded 
by Oehrwall (1891) as a complex excitation of one or more tastes udth 
touch, and according to von Frey (1910) weak alkalies such as excite this 
taste sensation [due to OH ion (Kahlenberg, 1898)] probably also pro- 
duce olfactory stimulation, owing to their reactions with substances on the 
surface of the tongue. A “metallic taste” was recognized by Wundt 
(1887) and others for the action of very dilute solutions of salts of heavy 
metals, but its nature is obscure and it presumably represents a complex of 
excitations. Mechanical stimuli arc relatively ineffective, as are thermal 
changes also, in exciting taste-buds. The electrical excitation of taste- 
buds presents a number of complex features, in part dependent upon the 
accumulation of products of electrolysis and polarization, although this 
obstacle is not so apparent when rapid alternating current is employeiL 
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What appears to be good evidence of direct electrical stimulation of 
taste-buds has been supplied by Parker and van Pleusen (1917) in the case 
of Amiurus, 

The tastes easily recognized as distinct, namely, the sour, saline, bitter, 
and sweet, exhibit a ceitain homogeneity in the chemical character of the 
respective homologous stimuli for each. Henning (1921) and earlier 
observers succeeded in showing that these four tastes correspond to local 
areas of distribution of taste-buds: the sour taste is represented on the 
lateral margins of the tongue, the saline at the tip and sides of the tongue, 
the sweet sharply maximum at the tip, the bitter in the region of the val- 
late papillae at the root of the tongue. The work of Oehrwall (1891) 
and of Kiesow (1898) showed that individual papillae can be found in 
which responses to sour, saline, bitter, or sweet substances are alone 
recognizable. I'hese results demonstrate the specific sensory qualities prob- 
ably to be associated with definite taste-buds, a conclusion substantiated by 
the differential suppression of different taste-qualities when drugs such as 
gymnemic acid, stovaine, and cocaine are applied. While it is undoubtedly 
true (Henning, 1916) that the tastes aroused by substances in any one 
group, such as the “sweet’^ or ‘‘salt,’’ are not always alike, there has been a 
strong tendency (Oehrwall, 1901) to regard these facts as signifying the 
presence of four definite gustatory senses. The comparative chemistry of 
taste excitation shows that, regardless of this differentiation of tastes in 
man, animals in general are stimulated by sapid substances at minimal 
concentrations which are very similar (Table 2). In further support of 

TABLE 2 

Table Indicating tub Minimal Stimulating Concentration of Various 
Substances, for Different Organisms 

(From Arey and Crozier, 1919) 

nToh ^ 

or Picric 

Organism HCI KOH NaCI KOI Quinine add Author 

Homo (mouth) N/l,O0ON/40O N/SO TI... M/25, OOU Parker, 1912 

Amiurus N/20 N/lOO N/50 M/150 Parker, 1912 

Amphioxus N/500 M/1,250 Parker, 190S 

Ascidia N/625 N/lOO N/+ M/2,500 Hecht, J91S 

Balanoglossiia N/500 N/400 ..... N/200 M/l,000 Crozier 

Aeolosoma N/3,00()N/1,500N/80 N/80 Krihs, 1910 

Chiton N/SOO N/500 N/160 M/l,500 Crozier & Arey 

Chromodoris N/7C)0 N/200 .. . N/lO M/lO, 000 Crozier & Arey 

Synaptula N/600 N/200 N/4 N/40 M/I0,000 f)lmsted, 1917 

Holothuria N/SOO N/500 ... N/SOO Crozier, 1915 

this view are the latent periods measured for taste excitations (Kiesow, 
1903), which in general show the latent periods to be greatest for bitter, 
next smaller for acids, next for sugar, and least for NaCI solutions. It 
is to be remembered, however, that, until more extensive measurements are 
made with series of concentrations of representative substances, the weight 
to be placed upon measurements of latency time in such cases must remain 
somewhat obscure. 
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Early observations on the taste of salt solutions showed colloids to be 
quite inactive in this respect. Gustatory excitation is at least predomi- 
nantly an effect of crystalloids: aqueous solutions of a number of salts — 
typically chlorides, nitrates, and sulphates of the alkaline metals, ammo- 
nium chloride, ma^j;nesium chloride, hydrochlorides of substituted amins, 
and certain bromides and iodides. Kahlenberg (1898) and others found 
that solutions of NaCl so dilute as to be just perceptibly saline were more 
dilute than a solution of Na acetate equally saline in taste, for example, 
and hence concluded that the saline taste must be due to the chlorine 
anion, which also confers a saline taste in equi-dilute solutions of potassium 
or lithium chlorides. B> similar tests, the order of effectiveness in exciting 
“salt” taste-buds was shown to be 

Cl>Br>L 

The examination of other salts has shown (Herlitzka, 1908) that with 

NOa and SO 4 salts the anion is again the effective agent, but, aside from 
being more or less in line with other “anion effects” as to order of relative 
magnitudes in stimulating efficiency, little further can at present be said as 
to the mechanism of excitation. Among invertebrate animals (cf. e.g., 
Arey and Crozier, 1919; Hopkins, 1932) the order of activity in stimula- 
tion is 

I Br NO 3 Cl-~~ 

the reverse of the above; but these seriations are dependent upon the 
alkalinitj of the medium (Hoeber, 1926) and have little real significance. 
No evidence of ionic antagonism has as yet been definitely recognized in 
connection with the taste of salt solutions. In this connection it might be 
expected that investigations of the saline taste in solutions of different 
acidity might be illuminating. For the excitation of the common chemical 
sense-receptors of the skin of the frog^s foot (Crozier, 1916r/) typical 
phenomena of cation antagonism in solutions of chlorides have been meas- 
ured (Figures lSb)» 

More definite conclusions are possible for the “acid taste,” as it may be 
called, for sourness exclusively excited by acid solutions (Kahlenberg, 
1898; Richards, 1898), and is thus to be attributed to the hydrogen ion. 
l"he hydrogen ion is in this respect effective in dilutions of acid at which 
the associated anion no longer excites the saline taste. Threshold concen- 
trations for just-perceptible sourness have been determined for a number of 
acids. Table 3 is taken from a recent paper by Taylor ( 1927-28). It has 
long been known that solutions of equal acid concentrations of different 
acids are not equally sour, and such facts as are represented in Table 3 
show that the external concentration cannot be the solely significant 
variable (Crozier, 1916^). If it be assumed that, to excite a “sour” taste- 
bud, acid must combine with the surface of the taste-hairs, or even pene- 
trate somewhat to the interior of the taste-cell, further information should 
be obtainable from measurements of the penetration of cells by acids. In 
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FIGURE tU 

Keaction-Time 01 THE Froo’s Foot to Mixtures of NaCl amd CaC'Ia 


TABLE 3 

THRESHor.D Concentrations for Sour Taste 
(Taylor, 1927-2B) 


Acid Concentration, N H* ion concentration 


Formic 

0.003 S 

0,00055 

Acetic 

0.0028 

0.00028 

Butyric 

0.0035 

0.00027 

Valeric 

0.0037 

0.00015 

Oxalic 

0.0020 

0.00116 

Succinic 

0.0032 

0.00034 

(Jlutaric 

0.00*15 

0.00034 

Lactic 

0 0028 

0.00177 

Tartaric 

0.0022 

0.00070 


certain cases this can be done with the aid of tissues containing? natural in- 
dicator pigments (Croscier, 1916^, 1916i^ 1916i?^ 1918<3;, 1921-22, 1922- 
23), such as the epithelium of the mantle of Chromodorh (a nudibranch 
mollusk). Such data have only a remote connection with the problem of 
physiological permeability, although this has several times been misunder- 
stood* If we assume that to give visible evidence of penetration a given 
acid solution must establish by diffusion an intracellular hydrogen-ion con- 
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FIGURE 18^ 

Reaction-Time of the Frog's Foot to Mixtures op NaCl - CaCla and KCl 

centration corresponding to the color change of the indicator, computations 
can be made of the relative speeds of penetration as corrected for the 
intracellular titration of the indicator solution and thus of the relative 
ease of union with the surface of the cells (whether by chemical combina- 
tion in the usual sense, or by simple solution). Another way of obtaining 
data from such measurements, in a form useful for comparison, has been 
carried out by Taylor, namely, by computing the ratio of undissociated 
acid concentrations existing external to the cells and internally at the 
time the indicator changes color (in this case, at about pH=::5.6). These 
ratios may be assumed to represent the relative driving forces necessary 
to induce penetration to a fixed extent (i.e., producing equal change in 
internal pH). These figures are reproduced in Table 4, which also gives 
certain additional ratios computed for other series of acid-stimulation 
experiments (Figure 19). These additional tests concern estimations of 
the strengths of acids required to produce equivalent sour excitations ( Paul, 
1922). The procedure is legitimate to the extent that if odor effects are 
eliminated the sour taste is the same with all acids, but it might not be 
true that measurements of ^‘equally sour” concentrations should give the 
same relative order of concentrations at all (moderate) degrees of sourness. 


Pen«tr«tron time, mrnulee, 
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FIGURE 19 

The Relation between Dilution ano Time of Penetbation 
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TABLE 4 


Relative Concentration Gradients of Undissociated Acids across Living 
Tissues To Produce Comparable Effects 
(After Taylor, 1927-28) 


Acid 

Taste 

(Taylor) (Paul) 

Excitation 

(Crozier) 

Penetration 

(Crozier) 

Formic 

1 00 1.00 

1.00 

1.00 

Acetic 

0.17 0.43 

0 28 

0.60 

Propionic 

0.53 

0.16 

0.36 

Butyric 

0.17 0 068 

0.16 

0.24 

iso- Valeric 

021 

0.14 

0.10 

Caprylic 


0.075 


Caproic 


0.006 


Bromo acetic 

6.1 



Chloroacetic 

7.5 

4.17 

5.95 

Dichloroacetic 


13 5 


Lactic 

0.5+ 2 9 


1.12 

Benzoic 



0.52 

Salicylic 



3.76 

Succinic 

0 34 0.48 


0 93 

Malic 

1.9 


4.26 

Tartaric 

1.60 1.1 


8.00 

Oxalic 

6.3 


6.5 

Malonic 



8.8 

Glutaric 

0.38 



Carbonic 

0.019 



However, at least 

a crudely parallel case has already been noted in olfac- 

tion. There is also included the results of tests upon the stimulation of 

the manure worm 

Allolohophora (Fig:ures 20 and 21), which again show 

parallel features of excitability. In this 

instance, the relation between 

speed of induced 

movement and the concentration of acid bathing the 

posterior surface of the body was measured with various 

acids (Crozier, 

1918r). The pertinent results are collected 

in Table 5. They demonstrate 


TABLE 5 



Acid 

Concentration 

of acids (and H+) 


to produce equal 

to give a retraction time of 


sourness 

10 secs, with Allolohophora 


(Paul, 1922) 

(Crozier, 1918) 


Formic 

7x10-* M; [H+] 

— 3x10”* 

llxl0-®M; [H*-] 

« 14.3x10-* 

Acetic 

22 

1.9 

32 

7.6 

Propionic 

33 

2.56 

22.5 

5.6 

Butyric 

5 

0.96 

23 

5.7 

iso- Valeric 



18 

5.3 

Caproic 



a 

3.9 

Caprylic 



1 

1,1 

Monochloroacetic 


8.0 

8.4 

29.1 

Dichloroacetic 



5.8 

52.5 

Monobromoacetic 

n\ 

7.2 



Lactic 

23 

5.0 



Succinic 

8 

2 



Malic 

8 

4 



Tartaric 

4 

3 



CO 2 

53 

0.4 






FIGURE 20 

The Relation between “Retraction-Time” and the (Calculated) Hydrogen-Ion 
Concentration of Certain Acid Solutions 


the parallelism between velocity of penetration and sourness or exciting 
efficiency. With solutions of equal pH a high degree of sourness is associ- 
ated with ease and speed of penetration. A notable instance is provided by 
COi^. In considering such series of acids it is apparent that such highly 
polar groups as — OH and — CL or — Br markedly decrease the ease of 
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FIGURE 21 

The Relation between the Reciprocal op the “Retraction-Time” op Earth- • 
WORMS FROM Solutions op Fatty Acids and the Concentration of Acids 


penetration, and within such a series as the monobasic fatty acids there is 
close parallelism with “adsorption” effects known for these substances. 
The accumulation of non-polar groups in a lipoidal film, as at the surface 
of a taste-cell, should on Langmuir’s conception lead to an almost linear re- 
lation between length of carbon chain and excitation power. The cxperi- 
naents with Allolobophora (Crozier, 191 8A) permit semi-quantitative con- 
sideration of this point (Figure 22). 

A further illustration of the r61e of combination with the receptor 
(penetration of its surface) is given by the behavior of alkalies. NHs 
(or NH|OH) solutions are known to penetrate living cells much more 
quickly than does NaOH, much the stronger base; roughly, the ratio of 
speeds of penetration is about as 90:1. Tests with Allolobophora (Cro- 
zier, 1918^) show a direct proportionality between concentration and 
stimulating power for these two bases (Figures 23 and 24), their cflS- 
ciencies being relatively as required on the theory of penetration. 

The exdtation of the sour taste may therefore be considered to depend 
upon the H ion, brought into the surface layer of the taste-cell by diffusion 
of the acid [either as undissociated molecule (Osterhout, 1925-26) or as 
both ions it provides], and there reacting with some specific taste-cell 
mechanism. The speed with which the acid penetrates determines the in- 
tensity of the excitation. 
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A, The ordinates are the concentrations {N x 10®) required to effect a definite 

1000 

amount of stimulation (such that log = 2.00). The abscissas are the 

R,T, 

number of CHs-groups in the molecules of the monobasic fatty acids from formic 
0 to caprylic 7. The dotted circles are drawn with a radius equal to the average 
deviation calculated from individual observations. 

JB. Against the same abscissas as in A there are plotted the times required 
to effect membrane formation in 60 per cent of the eggs of the sea-urchin, ac- 
cording to experiments by Loeb, in acid solutions at 0.001 N concentration. The 
unit of ordinates is here 0.1 minute. 

Stimulation by the polar portion of a molecule and by the non-polar 
portion may act simultaneoubly in many cases. To measure the effect of 
the non-polar portion (Cole and Allison, 1930-31) studies have been made 
of the action of a scries of homologous alcohols on barnacles, planarians, 
and frogs. It appears (Figure 25) that the potential of the polar group 
in the various molecules is practically constant, and is effective primarily 
as the orienting force for the molecules at the surface of the receptive 
cells; according to Langmuiris “principle of independent surface action^' 
(1933), the molecules are expected to orient at the interface much as they 
do at a soap-water interface. The degree of excitation by these compounds, 
where the potential of the polar group is relatively constant, is conditioned 
by the length of the carbon chain. The relationship is approximately ex- 
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FIGURE 23 

Rethraction-Time of Earthworms from Alkaline Solutions 


ponential ; the concentration of alcohol necessary to produce a given degree 
of excitation, with members of the series of alcohols, changes in a geometri- 
cal series: 

1 : where n is a real number- 

The concentration effect may be expressed by : 

^ / log c/A ji = slope of the line 

t =: time 

c =: concentration necessary 
A = antilog of the y intercept 

yff is characteristic of the receptive processes initiated by the alcohols in any 
one animal, while ^ is a constant characteristic of the alcohol The ratio 
of these constants is a in the above series. 
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FIGURE 24 

The Stimulating Efficiency of Alkaline Solutions (Measured by the 
Reciprocal of the Retraction-Time of the Earthworm), Plotted 
AGAINST Concentration of Alkali 

The effect of salts of the fatty acids upon barnacles (Cole, 1931-32) 
(Figure 26) shows that the ratio of effectiveness in chemical stimulation to 
length of carbon chain is not simply exponential, as with the alcohols ; the 
length of the carbon chain should begin to play a dominant r61e with the 
higher members of the series, showing progressive increase as the number 
of CH 2 groups increases. 

The ordinary mineral acids show (Cole and Allison, 1931-32, 1932- 
33^, 1932-33i?) with catfish, barnacles, and sunfish a set of relationships 
similar to those already discussed for the earthworm (Figures 27A, 27B, 
and 28). The stimulating effect of HCl must be attributed primarily to 
hydrogen ion, but the efficiency of members of the fatty acid series is de- 
termined by the non-polar portion of the molecule. 

Further studies by Cole and his associates have demonstrated that the 
relation between latent time and hydrogen ion concentration in stimula- 
tion by solutions of various acids can be expressed by an equation of the 
type 

100 

== Kum X 10^?, 

J2. T. — const. 

where R, T. is again reaction-time, from which a constant determined 
by the mechanical conditions under which the test solution is applied to the 
organism must be subtracted ; K measures the velocity of excitation when 
pH = 7; « is an index of the manner in which the rate of appearance of 
response depends upon pH. For the series of dicarboxylic acids 
[R(COOH)], n is constant. K, on the basis of the foregoing discussion, 
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FIGURE 25 

Threshold Stimulating Concentrations oe* Methanol, Ethanol, Propanol, and 
Butanol for the Barnacle, i^LorrED against the Number 
OF Carbon Atoms in the Respective Molecules 
The curve is exponential with the base equal to 3, The circles represent the 
experinaental concentrations, showing very close agreement 
with the theoretical values. 

(From J. Gen. PkysioL) 

should be expected to increase for each additional CH 2 ^^roup in the mole- 
cules; it is found to increase exponentially up to succinic acid, beyond 
which there is no further chanj^e* The more chemically active member of 
zn isomeric pair of acids is in general more efficient as an excitant, that is, 
n is higher; when isomeres are similar in physical and chemical properties, 
as with the tartaric acids, the stimulating efficiency is the same. 

Considerable progress has thus been made in the interpretation of the 
physical-chemical basis of the acid taste, and in the mechanism of excitation 
for a variety of animals. The situation as concerns methods of stimulation 
is by no means so clear in the case of the other groups of sapid substances. 

The sweet and bitter tastes have in certain respects closely allied proper- 
ties. Closely related compounds may be in one case sweet, in the other 
bitter, while with a number of sweet substances there is found (at appro- 
priate concentrations) a bitter after-taste. Taylor (1928) has suggested 
that a single receptor mechanism may be involved in the two cases, point- 
ing out that Gymnema extract, for example, temporarily suppresses both 
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FIGURE 26 

Concentration of Seven Salt Solutions Which Were Equally Effective in 
Stimuiating Closure of the Barnacle (2 Series of Estimations) 

Plotteo against the Number, of Carbon Atoms in 
THE Respective Molecules 
(From J, Gen, Physiol.) 

senses. Alkaloids and some glucosides, as well as bile salts, many plant 
extractives, and other substances typically exerting pronounced toxic 
effects upon cells in general, are distinguished by a bitter taste. This is 
also true of a number of narcotics. These are usually supposed to have a 
special affinity for lipoidal constituents of the cell surface, and in general 
initially exert an excitatory influence. Taylor suggests that the bitter taste — 
more strictly the excitation of the “bitter” group of taste-cells — ^is due to an 
effect similar to that in the inhibitory action of the typical protoplasmic 
depressants, and that the sweet taste is, on the other hand, due to phenom- 
ena akin to those seen in the preliminary excitatory phase in the action of 





OS to u t* u. 

i.og(irKio‘5 
FIGURE 27B 

Logarithmic Plot or ™e Same Data as in Figure 31A 
The linear relationship may be expressed by the equation: 

RT — S<= -4.3 log (H* X 10*) + 9.117. 

(The symbol (©) represents coincident points for hydrochloric and nitric acids.) 
(From /. Geti. Phytidl.) 






1024 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 



FIGURE 28 

Plot of the logarithm of the rate of stimulation 
100 \ 

reaction-time in seconds / 
of the sunfish, Eupomotis, to hydrochloric, formic (F), acetic (A)^ propionic (P), 
butyric (B), valeric (F), and caproic (C) acids against the logarithm 
of the concentration (N X 10®). 

(From J, Gen, Physiol) 



such substances. Anaesthetic or narcotic action has often been assumed due 
to absorption by cell lipoids. From the standpoint advocated by Taylor, 
the sweet taste should be characteristic of molecules very slightly soluble in 
water. Very sweet substances such as the a-antialdoxime of perillaldehyde, 
roughly 3000 times as powerful in evoking the sweet taste as sucrose, and 
n-hexyl chlorraalonamide (about 300 times as sweet as a 6-per-cent sugar 
solution) are very slightly water-soluble. Saccharine, with its intense 
sweetness, is again only slightly soluble. Among inorganic salts, mag- 
nesium sulphate is soluble in non-polar solvents and is bitter, while the 
closely related beryllium sulphate, not soluble in alcohol, for example, is 
sweet, like the salts of glucinum. 

The substances exhibiting a sweet taste with bitter after-taste would 
on this view have their effects explained by assuming that in low intracellu- 
lar concentrations they are less dosely assodated with surface lipoids, the 
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taste becoming bitter when time permits their accumulation. Such ma- 
terials are rhamnose, jff-methyl glucoside, m-nitrobenzoic acid, several 
saccharine derivatives, and a number of others. There are certain in- 
convenient substances, however, such as ortho-benzyl-benzoate, of which 
the primary taste is bitter, the after-taste sweet. But in this general 
direction it may be possible to account for the fact that the separation be- 
tween sweet and bitter tastes is not the same for all persons; to some even 
saccharine is said to be distinctly bitter. Variation among individuals in 
this respect might be interpreted in terms of different (perhaps temporary 
and fluctuating) states of structural organization of the taste-hairs as re- 
gards their lipoidal constituents. 

Much information has been collected relative to the influence of substit- 
uent groups on the taste of organic molecules (Barraland Rane, 1911; 
Cohn, 1918). Oertly and Myers (1919) have listed a number of sweet- 
producing and sweet-accentuating molecular arrangements and groupings 
(glucophores and auxoglucs) . Radicals making for potential sweetness and 
containing polar groups are: 

— CHOH— CHO 
— CHOH— CO= 

COOHCHNHy— 

CHaOH, CHOH— 

CHaONOa— 

nr 

c< 

cu 


nr 

c< 

Cl, 

(Cl signifies any halogen) 


Cohn (1918) recognizes in this category also the group C< 


NHa 

COOH 


The resolution of several substances exdting the sweet taste into gluro- 
phore and auxogluc moities, according to Oertly and Myers, is illustrative 
of their analysis: 


Compound 

Glucophore 

Auxogluc 

Glycol 

CHaOH-CHOH 

H- 

Glycerol 

CH,OH-CHOH 

CH,OH- 

Fructose 

-COCHOH- (H) 

C H„ , 0 

n 2n+X « 

Glycine 

^CHNHr-COOH 


Ethyl nitrate 

^CH,ONO* 

CHr" 
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There are, however, at present too many puzzling irregularities in the 
taste-exciting properties of organic molecules to permit useful rationaliza- 
tion of the details of gustatory excitation. 

Reference has already been made to the fact that the stimulation of vari- 
ous invertebrates by direct application of fairly concentrated solutions to sur- 
faces of the body shows a certain degree of uniformity (of course with minor 
differences) throughout the animal series, in the way in which representa- 
tive sapid substances act. Table 6 has been compiled by Kohler from 
recent results of various writers; the figures are, of course, subject to ir- 
regularity consequent upon the diverse methods of testing. 


TABLE 6 

Limiting Dilutions for Concentrations for Stimulation 
(Percentage Concentration) 


Animal 

Sugar 

Picric Acid 
Chinin 

ILSO 4 

IlCI 

Acetic Acid 
Tartaric Acid 

1 . Asterias 

7.5 

0.0075 

O.Ol 

2 . Fulgar 


0.04 

0.01 

3. Limnea 


0.05 

0.05 

4. Helix 

8.0 

0.15 

0.065 

5. Octopus 


0.0005 

0.006 

6 . Crangon 


0.0005 

0.01 

7. Pyrameis 

0.002 






a) 1.2 

8 . Bee 

2to4 

0.04 

h) 0.045 

9. Mustelis 

50.6 

0.38 

0.065 

10 . Triton 

2 

0.012 

0.06 

n. Lacerta 



0.51 

12 . Canary 



0.5 



a) 0.0002 

a) 0 006 

13. Man 

0.578 

h) 0.00007 

h) 0 013 


The situation among insects is of special interest, because of their feeding 
habits as well as of the large^ role played by responses to licked secretions 
in the establishment and maintenance of social habits (Wheeler, 1928). 
Minnich has employed forms with extensible proboscides; individual hairs 
can by careful work be tested for gustatory function, as by the extension of 
the proboscis in response to contact with a sugar solution. By his train- 
1*9? Procedure with bees, von Frisch has been able to demonstrate taste sen- 
sitivity to sugars and discriminative ability as between, for example, glucose, 
fructose, and lactose, galatose, and others. Minnich (1926/7) has shown 
that with insects the taste-receptors are not localized upon the mouth parts, 
but are present also in the tarsal segments of the legs. In Pyrnmeis the 
sensitivity of the tarsal receptors was shown to depend quantitatively upon 
the state of feeding as regards sugar. When saccharose was withheld, solu- 
tions as dilute as M/12,800 were in some cases successfully distinguished 
from distilled water. 

A certain analogy may be allowed bemeen the differentiated gustatory 
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papillae and the diversity of retinal elements concerned in the perception 
of color, with the added complication that in man the tasting of sapid mate- 
rials involves the possibility of a shift of the material to different parts of 
the tongue. From the properties of the four, or if the sweet and bitter re- 
ceptors be counted as one type fundamentally, then of three groups of re- 
ceptors, the properties of complex and fluctuating tastes must then be de- 
rived. Nothing is known as to the possible role of number of papillae excited 
in this connection. That the mechanism of excitation is fundamentally 
chemical there is little reason to question, but the part taken by the struc- 
tural character of the taste-hairs as possibly modifying this chemical union 
is as yet rather obscure. 

The specific character of the receptive mechanisms for the distinct taste 
qualities is well illustrated by the results of recent studies upon the in- 
heritance of taste deficiencies. Phenyl-thio-carbamide is bitter to some 
persons, tasteless to others (Fox, 1932). A similar peculiarity arises in the 
taste effect of other compoundh of the phenyl-thio-urea group (Snyder, 
1910; Williams, 1931). Phenyl-thio-carbamide is structually similar to 
dulcin, regarded as about 500 times sweeter than cane sugar; in phenyl- 
thio-carbamide one sulphur atom occupies the place of an oxygen atom in 
dulcin, and for certain persons phenyl-thio-carbamide is extremely sweet. 
Snyder and Blakeslee have demonstrated that the taste blindness of these 
substances is inherited in a simple manner, the ‘‘taster gene” being 
dominant. In such studies it has become apparent that, as in the case of the 
originally considered sharp distinction between classes of color-blind, there 
are enormous variations in the taste sensation aroused in different persons. 
These variations which appear when a single concentration of the test sub- 
stance is placed upon the tongues of a series of individuals arc in part due 
to the fact that the curvCsS relating concentration to effect differ from one 
individual to another, and also to the fact that the threshold is not the 
same in all cases. The occurrence of taste blindness does show, however, 
that the chemical structure of the surface of the receptive element plays a 
necessary part in the reaction which results in excitation. 

Accepting the view that chemical action of dissolved crystalloids upon 
receptive substances in the tastc-cells is the basis of gustatory excitation, an 
attempt has been made by Lasareff (1928) to give mathematical formula- 
tion to the theory of the process of this excitation. Such formulations repre- 
sent necessary steps in the progress of interpretation, and as such they are to 
be welcomed. ^ Too often the appearance of mathematical statements in the 
form of equations arouses distrust. If it is remembered that the real intent 
of such statements is to increase clarity of understanding as a means of 
making further experimental analysis intelligent and fruitful, a large part 
of this difSculty may be avoided. 

Lasareff assumes that the amount of substance in a gustatory element 
will determine the amount of decomposition products resulting from it when , 
the taste-cell is brought into contact with an exciting solution. Let [C] 
represent this concentration, [C^] the concentration of the decomposition 

products resulting therefrom; Ki and Kit will stand for the velocity con- 
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stants of the decomposition leaction and of the elimination of the products, 
respectively. Assuming that the reaction with the exciting substance is a 
first-order reaction (often termed, but without justification, “mono- 
molecular^^), then 


at 

where [C2] stands for the concentration of the stimulating solute. In 
other words, the velocity of accumulation of the reaction product will de- 
pend at any moment upon the difference between the speed at which it is 
being produced and that at which it is being removed from the local seat of 
excitation (as by diffusion). If we let [Co] = [C] + [<^i] represent 
the maximum effective concentration of the receptive substance at any 
time t, then 


+ [Ci] [Ko + K, [Ca] ] —Ki [C 2 ] [Co] = 0: 

at 

the integration of this equation gives 


[Cj] = [Co] 


Kx [C2] 


. f ATjCjj-f-X 


'1 


It may be assumed that to obtain a minimum of sensation with excita- 
tion a certain concentration of the exciting solute is required ; let this be 
denoted by B, Then from the first equation given, the stationary state 
existing without excitation will be defined by an equality in rates at which 
the product of the receptive substance is produced and removed, and 

K, [C 2 ] C = K2 [Cl], ot[C\] ; 

J\2 

to effect excitation, the threshold defined by B must attain the value 

K^^C2lLC] 


The gustatory sensitivity may be defined as 

Ez= I/C2 


since obviously this sensitivity will be at least roughly in proportion to 
the dilution (i.e., reciprocal of concentration) of a given substance re- 
quired to stimulate. Then 


B 


KiC 

K2E ’ 


or. E 


KiC 
K2B ^ 


These equations permit predictions of a certain kind concerning the 
processes of sensory adaptation in the case of the gustatory organs. Since 
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this aspect of chemical excitation has been very little examined in a pre- 
cise way, the indications thus obtained are suggestive. The decrease 
of [Cl under the action of a gustatory excitant corresponds, clearly, to a 
decrease in the measure of sensitivity, £. This is obviously the process 
of gustatory adaptation. On the present assumption, if Eo be the initial 
sensitivity, then 

— = 1 — 

Eq 

should express the change in gustatory sensitivity (as measured by the 
effectiveness of a given exciting solute) during the progress of minuthesis 
or sensory exhaustion,* here m is z constant the magnitude of which de- 
pends upon the degree of antecedent action of substances producing the 
sensation of taste, and must be regarded as including the relevant effects, if 
any, of a central nervous character as well ; is a collective velocity con- 
stant. Lasareff does not notice, however, that a formula of this sort is very 
commonly obeyed by a diversity of natural processes, and, while it follows 
from the assumptions used, its empirical validity would not necessarily 
justify them, Lasareff cites Tabic 7 as indicating the degree with which 
measurements of E, the gustatory sensitivity during continuous exposure 
to a substance such as sugar, show changes agreeing with those which may 

TABLE 7 


Behavior of the measure of gustatory sensitivity, E, in terms of the equation 
E/Eo — 1 — me , where JSo is the initial sensitivity. Ka is an arbitrary constant. 



t, secs. 

(i 

90 

120 

ISO 

210 

250 

360 

Ki (1 

— B/i?o), observed 

100 

95 

90 


8} 

75 

68 

Kt (1 

— E/Eo)^ calculated 

100 

91 

S9 

8^ 

81 

TB 

70 


be calculated from this equation. The range of change is of course not 
wide, but the correspondence is interesting, although Lasareff's papers are 
singularly devoid of the information one would like to have concerning 
the way in which the measurements were actually obtained. In all proba- 
bility, however, the course of gustatory adaptation is indeed an orderly 
one; and we need not be surprised if under the most carefully devised 
conditions, and with due allowance for the presence of epithelial secretions 
which may change in amount or in kind during stimulation of oral sur- 
faces by solutions, the course of sensory adaptation is found to be similar 
to that in the retina (cf. Hecht, Chap. 14). In the latter case, only absorb- 
able energy is delivered to the receptor organ, while with taste-cells a re- 
active component is permitted to bathe the sensory surfaces, so that with a 
photosensitive organ the experimental conditions are by comparison almost 
ideally simplified. 

The notion of a receptive substance located in a tasto-cell carries with it 
the idea that the qualitative differentiation of the taste-buds might be due 
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where it may not be required to assume three color-receptive retinal sub- 
stances. But into this aspect of the problems the poverty of relevant data 
does not permit us to go. It becomes even more cmbariassing in the treat- 
ment of smell. 
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CHAPTER 20 


THE PRESSURE, PAIN, AND TEMPERATURE 

SENSES 

John Paul Nafe 

Washington University 
Stimulation 

It is often stated that the skin is sensitive to mechanical, chemical, 
electrical, and thermal stimuli. I'he most usual stimulus is tension which 
is brought about in the muscles, both plain and striated, by contraction 
or by movement caused by direct stimulation such as external pressure. 
In the viscera tension is usually brought about by distention and in the 
skin by the establishment of a gradient. The peculiarity of such an ex- 
perience as hunger lies in the manner of arousal rather than in any dis- 
tinctive activity of the individual nerve fibers. The activity of the muscle 
in contraction is accompanied by a pattern of discharge over large numbers 
of end-organs, a pattern that is not set up in any other manner, and the 
feelings of hunger depend upon this pattern and not upon specific prop- 
erties of individual nerves. That particular series of events in a group 
of end-organs and their nerves results in feelings of hunger. The same 
nerves and end-organs also are capable of being activated in other patterns, 
e.g., from external pressure, and when so excited produce a scries of dis- 
charges that do not arouse an experience of hunger but an experience of 
pressure. The same type of activity is true of other muscles such as 
those of the arms and legs. Contraction of such a muscle sets up a 
pattern of discharge that is felt as muscle tension but these same end- 
organs are capable of being excited when pressed or stretched by some 
stimulus external to the body. Such pressing or stretching does not set 
up a feeling of contraction but some other pressure pattern. In the skin, 
tension is again the most usual type of stimulation but here conditions are 
not such that identical patterns are often set up but rather patterns widely 
differing from each other due to stimulation with objects outside the body 
which are likely to differ widely from each other. 

A second type of mechanical stimulation is injury to nerve. Such 
stimulation is usually painful for a time. Cuts, wounds, and the results 
of disease are all adequate stimuli and may occur in skin, muscle, or 
other tissue. Some of the visceral organs are not sensitive to this type 
of stimulation in the same sense that skin and muscle are and some in- 
vestigators deny any sensitivity whatever to some of these organs. Spas- 
tic contraction of muscles and severe distention of visceral organs may 
injure nerve and usually result in pain. 

Thermal stimuli are discussed more fully in the section devoted to 
warmth and cold. Extreme temperatures may result in injury to nerve 
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or spastic contractions of vascular muscles, both giving rise to pain. At 
milder intensities thermal stimuli set up experiences of warmth and cold 
but these experiences may be correlated with the activity of the vascular 
musculature and perhaps other plain muscle elements in which case they 
must ultimately be classed with mechanical stimuli in that both produce 
tension. If warmth and cold are due to the direct excitation of end- 
organs specific to temperature differences, thermal stimuli form a separate 
class. 

Electrical stimulation is doubtless adequate for all nerves and this has 
been a very important element in the study of nerve activity. It is not 
so evident that electrical stimulation works by way of any end-organs 
at all. With electrodes upon the intact skin, motor nerves are directly 
stimulated and the consequent tremors in the muscles set up activity in 
the sensory end-organs. Under these conditions sensory nerves may also 
be directly stimulated but this has not been demonstrated to be true. Its 
immediate effect is probably by way of depolarization of a part of a nerve 
and, upon this basis, as a stimulus may be classed with injury to nerve 
in that in both cases the action is direct and does not involve the activa- 
tion of end-organs. 

Chemical stimulation is not well understood. In some cases, such as 
strong acids and alkalies, injury to nerve results and in other cases ten- 
sions are produced in vascular and other muscles and upon the skin. The 
action may be direct in some cases but chemical action is not definitely 
known to form a distinct class of stimuli. 

This list does not exhaust the types of adequate stimuli for there are 
indirect reflex effects which are adequate, especially for experiences of 
warmth and cold. Thus a warm stimulus is not only felt as warm over 
the skin exposed to it, but it may in addition set up gross bodily changes 
that also are felt. The internal application of drugs and foods may have 
effects in remote parts of the body which excite the sensory end-organs 
and are felt. Things seen may nauseate, and s creeching sounds, suc h as 
metal upon glass, may send a shiver of .cold over the body. If we follow 
this type of example we come to experiences classed as emotion, and Can- 
non has even treated both pain and hunger as emotions. It is well known 
that emotional states may refliexly result in warmth, cold, or pressure ex- 
periences. There is some reason to believe that the only adequate stimu- 
lus for the end-organs concerned with pressure, pain, warmth, and cold 
is tension, and no such end-organ has been proven to be specific for any 
other type of stimulation. A detailed description of the end-organs of 
the skin is presented in another section. 

Constant Aspects of Nerve Discharge 

It has been observed that in the layer of the epidermis nearest the true 
skin the terminals of afferent fibers are so numerous that they are in 
contact with almost every cell of tissue. In the dermis proper there are 
again very large numbers of afferent nerve endings and there are still 
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Others in the muscles, tendons, the linings of the joints, and the walls of 
the visceral organs. The afferent fibers connected with these end-organs, 
whether or not they are myelinated, are efficiently insulated from all other 
single fibers so that impulses originating in one such structural unit are 
delivered to the central nervous system at a fixed place. This fact fur- 
nishes a basis for conscious differentiation between points in the body. 
A fixed spatial order existing within the central nervous system must 
reflect the spatial relationships of the body. It is not necessary to assume 
that the true spatial differences of the peripheral end-organs are dupli- 
cated but only that the messages from different parts are not mixed. It 
is not necessary to assume that the brain acts in units, only that the in- 
fluence of each fiber is constant within the limits of the frequencies of 
discharge of which it is capable. Upon such a basis separate points upon 
the skin may be differentiated and we may learn to relate the experience 
at the center with its point of origin and so localize an experience. Upon 
the same basis forms may be distinguished and the direction of movement 
upon or within the body determined, 

Lotze (1881) postulated a special quality (local sign) for every nerve 
and, upon the basis of its peculiar quality, the “experience of locality’' is 
felt. The doctrine has been and still is widely accepted, and there is 
some proof for it. There is much more evidence for local sign if we 
do not interpret Lotze’s “quality" strictly, for there are many patterns 
of experience based upon integrated discharges which occur only in cer- 
tain parts of the body (such as the gross patterns of the viscera), which, 
by their occurrence, are marked as to their point of origin. But even 
with such evidence to support it, such a cumbersome arrangement need 
not be postulated. The fact that the fibers have individual terminations 
within the central nervous system is a sufficient basis for differentiation 
and in the interests of economy and upon a basis of probability is prefer- 
able as a theory, and the fact that localization appears to be learned 
supports it (Franz, 1913; Meyer, 1911; Peterson, 1926). By defini- 
tion, qualities are not learned nor may they be unconscious, Hoagland 
(1932^) has recently presented factual evidence which supports this view. 

The Variable Aspects of Nerve Discharge 

Adrian has shown that in a single nerve fiber there are only two vari- 
ables: frequency and time. With a constant stimulus the frequencies! 
show no irregularities, the discharges occurring at regular intervals, Ad-j 
rian has further shown that both frequency and time vary directly with 
the intensity of stimulation. 

Erlanger, Bishop, and Gasser (1926) have shown that within a given 
area moderate stimulation does not excite all the end-organs, and Blair 
and Erlanger (1933) demonstrated the fact that they show a distribution 
in their degree of irritability which is a function of their size. Hartline 
and Graham (1932) have made a similar showing for the retina. It 
follows from this, but has also been shown by Bazett and McGlone ( 1931 ), 
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that, of the fibers that do respond, some respond more quickly than others 
so that the responses of a group of end-organs or fibers show a temporal 
spread. With an increase in intensity of stimulation more nerves dis- 
charge and the separate fibers tend to discharge more quickly and more 
nearly together, the latent periods of the slower fibers shortening relatively 
more than those of the more irritable fibers. Adrian has carried this last 
point to an extreme case and has found that, with relatively great inten- 
sities of stimulation applied for some length of time, some mammalian 
nerves tend to show a synchronized discharge where all fibers are dis- 
charging with high frequencies and together so that a quick succession 
of volleys is sent over the nerve in which every fiber may be involved. The 
relationship of the deep nerve plexus of the skin to tendencies to synchroni- 
zation of the impulses has not been studied, but such an effect may be as- 
sumed upon an analogy with the retina. 

In tissue as pliable as the skin an increase in the intensity of stimulation 
will increase the area stimulated and so increase the number of fibers 
activated in addition to the increase per unit area described by Erlanger 
and Gasser, which may be distinguished as ^ density” of discharge. 

Thus an increase in the intensity of stimulation will be followed by 
an increase in frequency of discharge in each fiber, an increase in the 
adaptation time for each fiber, an increase in the number of active end- 
organs per unit of area, an increase in the area affected and consequently 
in the number of end-organs activated, an increase in the abruptness of 
discharge, and an increase in the tendency of the individual fibers to dis- 
charge together. On the psychological side this series of events is accom- 
panied by an increase in the jntensity of the experience . 

The area stimulated, and con^qiiently tlie area or size of the experi- 
ence as it is felt, may be varied more or less independently of changes 
in intensity by varying the size of the stimulus. Thus, in a sense, and 
within limits, the size of an experience is an independent variable. 

The duration of experience has a natural limit in adaptation time but 
complete adaptation is seldom reached. Removal of the stimulus may 
limit an experience and such a change in conditions may be followed by 
an after-image or after-sensation, which really is a new experience under 
new conditions of stimulation but is often related to the original experi- 
ence as an after-effect of the prior condition* ‘‘Adaptation time*^ refers 
to the duration of experience where the stimulating conditions are rela- 
tively constant. “Duration*^ refers to the continuance of experience as 
limited (a) by adaptation, (b) by the presence of the stimulus, which 
may be removed before adaptation is complete, or (c) by attention. 

Intensity of stimulation refers to the amount of change per unit of 
time (Hill, 1910). If the change is slow, the threshold is raised before 
discharge occurs (von Frey and Goldman, 1926), and, if the application 
of the external stimulus is sufiSciently slow, complete adaptation may be 
efEected without a single dischaj’ge of the end-organ or its nerve. The 
normal reaction of a frog to excessive heat is jumping, but the tempera- 
ture of a chamber may be raised so slowly that a frog within the chamber 
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dies without a single jump or any other escape movement (Heinzman, 
1872; Sedgwick, 1882), and Fontana found that a nerve may be crushed 
so slowly that not a single nervous impulse will be initiated. It is also pos- 
sible that the change set up, regardless of time, is not sufficiently great to 
begin a discharge, but again, in such a case, adaptation occuis. When 
the time of stimulation is too short or the change insufficient to cause 
a discharge, stimuli are knowm as “subliminal,*' and it has been shown 
that a succession of subliminal stimuli may finally result in a series of 
impulses, a phenomenon known as “summation’* ( Goldscheider, 1926tf, 
1926^). “Adaptation” refers both to the gradual cessation of impulses 
in nerve when activated by a constant stimulus and to the fading psy- 
chological experience which accompanies the neurological changes. “Adap- 
tation time*’ is the time required to complete such changes. 

Quality 

In the preceding sections we have discussed matters which involve little 
if any controversy, although much of the work is comparatively recent and 
many of the correlations still require experimental verification. That 
most of the experiences we feel are essentially patterned in nature is gen- 
erally accepted as true, and the complex nature of many such experiences 
has been demonstrated. Roughness, smoothness, and stickiness have been 
shown by Zigler (1923) and Zigler and Meenes (1923) to be complexes 
of pressure experiences. Bentley (1900) showed that our experience of 
wetness is built up of elements of pressure and cold. All experiences 
combining pressure and cold are not felt as wet, but all experiences felt 
as wet are combinations of pressure and cold- Combinations of pressure 
and warmth may be felt as oiliness (Sullivan and Cobbey, 1922), and 
it has been said that the experience of smarting contains elements of pain 
and heat. 

It is not obviously true that all felt experiences are patterns, but psy- 
chological analysis has discovered no criterion by which we may always 
distinguish a complex experience from a simple one. This difficulty 
has not appeared to be serious because it should be possible, by studying 
the skin and its end-organs, to determine what types of experience have, 
separate mechanisms. But this study too has faltered and after fifty 
years of investigation have no demonstrated correlation between an y' 
particular type of sen ^vity and the specialized end-organs ^ tiber^ 
that subserve it. Many individuals, S]^h"a' basis ot tnrir own obsefva- 
tions, have at least tentatively concluded that warmth, cold, pressure, and 
pain each have their own end-organs and nerves and in that sense may 
be regarded as “simple** qualities, but there is little agreement between 
different individuals as to the ydidity of the demonstrations^ There is 
no real agreement that there are four. V dii f rey and others of his labor- 
atory generally hold that belief. Goldscheider agrees to a dual mechanism 
for warmth and cold but believes that pressure anc^? a in are mediat ed by 
the same organs. There are others wSo^Mr' "warmth ^an d ' ' cold as a 
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Single temperature sense. Still others insist that there are other simple 
qualities. Blix believes that he has demonstrated tickle and itch to have 
a separate mechanism and many have suggested that our sensitivity to 
vibrations constitutes a separate sense department. The details of the 
work done upon these qualities is discussed in separate sections. The 
general basis for the belief in specific end-organs for different qualities 
rests upon three sets of facts: (a) It has been found that nerve blocks 
from drugs, cold, and diseased conditions may lessen or destroy sensitivity 
but that in the disappearance of the separate qualities one of them may be 
reduced or even abolished before others are noticeably affected. It is argued 
that these facts demonstrate a spatial separation of the fibers for the differ- 
ent qualities. (If) Under certain conditions of stimulation the skin is not 
uniformly sensitive to these experiences but is mosaic in character, some 
points being sensitive to pressure, some to pain, some to warmth, and some 
to cold, and it has been argued that this tends to show a spatial separation 
of the end-organs for these qualities, (c) The results of histological in- 
vestigation of the skin show types of afferent endings which radically diffei 
in structure and hence, it is argued, presumably also in function. Von 
Frey suggested that the points of sensitivity on the skin are correlated with 
definite types of end-organs in the skin and this theory has found wide 
acceptance in spite of an almost complete lack of experimental evidence 
to support it. 

a. In regard to the first point it is necessary to lay a basis for dis- 
cussion before the weakness of the deduction becomes apparent, 'rhis 
has been done throughout the cliapter and a brief discussion of the facts 
is later presented in a separate section. It becomes apparent that so 
little is known of the immediate effects of drugs and other conditions 
causing the nerve blocks that we can come to no conclusion regarding 
their specific action, and the general facts, far from proving the spatial 
separation of fibers conducting impulses correlated with different qualities, 
fit equally well or even better an assumption that the fibers themselves 
are all alike in function and that the distinctive action of the block lies 
in the manner in which it affects the discharge as a pattern. One notable 
exception to the above general statement is that some blocks differ in their 
action depending upon the size of the fiber and thus we have set up 
another scries of effects, but here, again, no support is found for the 
theory of specific function. 

b. The “conditions of stimulation*^ here consist of a point-by-point 
examination of selected areas of the surface of skin. The particular 
methods used are described in more detail in the sections of this chapter 
on pressure, pain, warmth, and cold. For the examination of sensitivity 
to pressure, hairs are most commonly used as stimuli; for pain, bristles 
or needles are used ; and for warmth and cold, hollow metal cylinders, 
about 1 mm. or less in diameter, at the contact end. "riie temperature 
of such cylinders is controlled by a flow of water of proper temperature 
through the hollow cylinder. Sometimes solid metal cylinders are used 
and in this case temperature is regulated fairly well by means of a water 
bath. 
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Stimuli for pressure and pain are applied with a force approximately 
that necessary to get a response at all, i.e., the minimal adequate stimulus. 
So, working with what amounts to threshold stimulation, it is to be ex- 
pected that the most sensitive points will be found. That does not 
constitute any proof that they are the owZy sensitive points. The case 
for warmth and cold is similar. There is no question here as to the 
validity of experimental results, but conclusions drawn from the results 
are questionable. Fortunately, there is a way to determine which of 
the two suggested hypotheses is correct: If such points of sensitivity are 
due to isolated, specific end-organs a slight increase in the intensity of 
stimulation should make little or no dilference in the resulting experience. 
If such stimulation excites only a few (the most irritable) endings where 
many endings are present, an increase in intensity of stimulation should 
excite more endings so that with a stimulus of greater intensity many 
more such points should be discovered in the same area of skin surface. 
The second case is well known to accord with the facts (Heiser, 1932). 
Hence the results of this work must be taken as evidence, not for spatially 
separated specific end-organs, but for end-organs so closely packed together 
that, for the type of stimulus used, they form a group, l^hey may or 
may not be specific in their function, the evidence presented does not 
bear upon the point. 

c- The nature of the afferent endings in the skin is so complicated 
a subject that the following section is devoted almost exclusively to it* 
The conclusions relative to the topic under discussion must be that there 
is, at the present time, no evidence at all for structurally distinct types of 
capsulated endings and there is not now, and never has been, any histolo- 
gical evidence for functional differences in these end-organs. 

The Skin and Its Afferent Nerve Endings^ 

The surface of the skin is hard, oily, and very irregular in c ontour an d 
appears, through a microscope, in high ridges and d eep valleys or creyi cesw^ 
It is extremely pliable, like a membrane over a liquid, and an object press* 
ing upon it stretches the surrounding skin over relativel y large area s. 
Upon the application of a pointed object, such as a needle^ or hairmxe 
point tends to slip into a crevice, whereas in the application of a flat 
surface the tops of the ridges are flattened and the crevices are squeezed 
together so that the skin surface tends to conform to the surface of the 
object with which it is in contact. Some evidence has been found tend- 
ing to show that the skin in the depths of the crevices is more sensitive 
to pressure and pain than that upon the ridges, but the evidence upon 
this point is not conclusive and if there is a difference it probably is a 
small one. The skin varies in thickness from about 0*5 mm. in the 
eyelid to 4 mm, in the palms of the hands and soles of the feet. Ana- 
tomically, it is divided into two main parts, the epidermis, consisting of 


^The writer is indebted to Dr. K. W. Gilbert for much of the detailed descrip- 
tion in this section. 
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three or four recognized layers, all non-vascular, and the dermis proper, 
or corium. The dermis is sometimes divided into basal membrane, papil- 
lary, subpapillary, and reticular layers, the last three forming the corium. 
Beneath the dermis occurs a layer of adipose tissue, usually not classified 
as a part of the true skin. The accompanying diagram (Figure 1) will 
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give a general idea of the anatomy of the skin. The stratum lucidum 
is found only in the skin of palms and soles, there are areas where there 
is no hair, and there are other exceptions, but the sketch will serve to 
orient the reader during the following discussion of the organs of the 
skin. 

The nerves of the skin enter through the subcutaneous adipose tissue, 
and in this tissue occur {a) the deep vascular plexus; {b) the deep nerve 
plexus (Ruffini, 1904-05); (c) Vater-Pacini corpuscles (Pacini, 1840), 
Golgi-Mazzoni corpuscles, and many intermediate forms (Ruifini, 1904- 
05, p. 433) ; {d) Ruflini corpuscles; and {e) free nerve endings. 

In the reticular layer of the corium occur (a) Ruffini corpuscles, which 
Dogiel (1903) called ^'arboriform terminations^’; {b) the hair-bulb, which 
receives its nerve in this layer; and (c) free nerve ends. 

In the subpapillary layer occur (a) the superficial vascular plexus; (b) 
the so-called superficial nerve plexus (probably not a true plexus), an 
amyelinated network with some free nerve end,ings; (r) some modified 
Meissner corpuscles; (d) Ruffini corpuscles; and (e) Golgi-Mazzoni 
corpuscles. 

In the papillary layer occur (a) Meissner-Wagner corpuscles (only in 
hairless regions of the skin ) ; (b) Golgi-Mazzoni cells; (c) the papillary 
tufts consisting of amyelinated fibers, with free nerve endings from the 
deep plexus, some myelinated fibers, and possibly some fibers from the 
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superficial plexus; and id) in many of the papillae occur leashes or loops 
of blood vessels. 

In the stratum germinativum of the Malpighian layer ot the epidermis 
only free nerve endings occur. The 'whole of the epideimis is non-vascu- 
lar and the superficial layers are without nerves or nerve endings. The 
free nerve endings in the IMalpighian la>er are so numerous, according 
to Schafer (1900), that almost every epithelial cell is in contact with 
one or more of their fibrils. 

It must not be supposed that the endings reported as found m the 
several layers occur in these layers of the skin over the whole body. 
Meissner-Wagner corpuscles occur only in hairless areas. Pendleton 
(1928) failed to find any Golgi- IVIazzoni cells in the hairy part of the 
body, and some of the other types have been reported from relatively 
few areas of the body. Hair-bulbs are -found over almost the entire 
skin, and free nerve endings are found everywhere. 

The Capsulated End-Organs 

The first end-organs to be described were those now called Vater-Pacini 
or Pacini corpuscles (Pacini, 1840). These are macroscopic, being as much 
as 4 mm. long and 2 mm. wide. 7'he capsule is composed of laminated 
tissue like an onion with sometimes as many as sixty concentric layers. 
Lymph circulates in the intralamullar spaces. The internal mass is a 
cylindrical or ovoid body just inside the capsule and is transversed, like a 
spindle, by a cavity in which the axial nerve fiber runs. Outside the capsule 
this fiber has {a) a myelin sheath, {h) the sheath of Schwann, (c) the sub- 
sidiary sheath of Ruffini, and {d) the sheath of Henje. The first two 
disappear at a definite point just outside the capsule. The sheath of Henle 
is continuous with the layers of the capsule, while the subsidiary sheath 
continues into the corpuscle, forming the internal mass. The apparatus of 
Timofeew (Ruffini, 1904-05) arises from a gray fiber whkh, if myelinated 
at ail, is covered by a thin medullary sheath which is not clearly demon- 
strable. It enters at the same pole as the axial fiber and branches out 
into a large number of small varicose filaments which interlace around 
the larger axial fiber. There appears to be contact but no continuity 
between the two sets of fibrils. Ruffini (1904-05, p, 431) believes the 
larger fiber to be of spinal origin and the gray to be of sympathetic origin. 
Dogiel (1903) further describes one or more gray fibers which penetrate 
the corpuscles and which seem to enter into relationship with the blood 
vessels. There are usually at least two arterioles, and sometimes three or 
more, which enter the capsule. They may enter at any point of the 
periphery but usually do so at the poles. Venules are more numerous 
than arterioles and may exit at any point of the periphery. Arterioles and 
venules also form a very complex reticulum around the outside of the 
corpuscle. Arteries enter the interior parts of the corpuscle from a net- 
work in the external layers of the capsule from which branches proceed, 
forming a series of vascular networks in the internal and external layers. 
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According to Schumacker (1911), the corpuscles become inflated when 
the blood pressure is increased, and he believes they are involved in the 
regulation of blood pressure. Ruffini (1904-05, p. 430) reports that they 
are often found several in a line on a single axial fibril, the fibril ter- 
minating in the last one. 

The Golgi-Mazzoni (RufEni, 1904-05) corpuscles are microscopic in 
size, often adhere to nerve trunks, and contain essentially the same parts 
as do the Vater-Pacini corpuscles. The capsule has a variable number of 
layers and, rarely, only one. One or more fibers may enter at the pole, 
but, if more than one, they are always branches of the same fiber (Ruffini, 
1904-05, p. 437). They contain the apparatus of Timofeew, and the smal- 
lest of these corpuscles are not penetrated by blood vessels but always occur 
beside a bod> of capillaries. The larger forms are both enveloped by a 
reticulum of capillaries and penetrated by at least one of them. Ruffini 
(1904-05) classes the Golgi-Mazzoni corpuscles with the Vater-Pacini, 
together with a long series of intermediates which vary in size, shape, 
and complexity without showing essential differences. Among these in- 
termediates is the Krause end-bulb wffiich Luciani (1917, p. 28) also iden- 
tifies as a type of Golgi-Mazzoni or Vater-Pacini corpuscle. The name 
‘'Krause end-bulb” is usually applied to those that arc more nearly spheri- 
cal in shape. They also closely resemble the Meissner-Wagner corpuscles 
but have a thicker sheath and a richer plexiform arrangement of neuro- 
fibrils. The Krause end-bulbs sometimes occur in a very simple form. 
In some parts of the body these end-organs, especially the Vater-Pacini, 
occur in the corium, adipose tissue, the lining of joints, and in the 
walls of blood vessels throughout the body. 

The Meissner or Meissner-Wagner (Wagner and Meissner, 1852) 
corpuscles have been found in large numbers in the hairless parts of the 
hand (decreasing in frequency from the finger-tips), and in other hairless 
parts of the skin. They contain the essential elements of the Vater-Pacini 
corpuscles: capsule, supporting tissue, central nerve expansion, apparatus 
of Timofeew, reticulum of amyelinated fibrils, and blood vessels. There 
is a modification known as the Dogiel corpuscle (1903), Blood vessels 
entering the Meissner-Wagner cells have never been reported, but Ruffini 
(1904-05, p. 471), Sfameni (1904), and others have observed the con- 
stant appearance of capillaries in their immediate vicinity. 

Ruffini corpuscles contain a capsule [denied by Dogiel (1903)], in- 
vested in four or five layers, and a nerve expansion, but the central nerve 
fiber resolves itself into innumerable short gray ramifications, forming a 
reticular cylinder which extends through the whole depth of the spindle. 
The network of amyelinated fibers, Ruffini believes, is not related to the 
blood vessels, which also are present. The capillaries follow the nerve 
fibers into the capsule, Dogiel (see Ruffini, 1896) found small Ruffini 
corpuscles deep in the reticular layer which he called "arboriform ter- 
minations.”, 

The hairs receive (Lewis and Stohr, 1913) nerve fibers which are 
branches of neighboring fibers otherwise terminating as free nerve endings 
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in the epidermis (Bonnet, 1873; Retzius, 1892, 1894). IMedullated 
fibers to the hairs lose their myelin and form elongated free endings with 
terminal enlargements in contact with the hyaline membrane (Lewis and 
Stohr, 1913, p. 7). The arrector pili is attached on the side under the 
slope of the hair so that erection of the hair occurs by pulling tlie bulb, 
with a higher point as the fulcrum. Innervation of these muscles is au 
tonomic (Langley and Sherrington, 1891), but they often react locall\ 
to cold if suddenly applied (Bayliss, 1900, p. 935). 

Ramon y Cajal (1909) describes a plexus just below the papillar} 
layer where the nerves branch many times, reach the Malpighian layer 
in the epithelium, and terminate among the epithelial cells by free endings 
in the intracellular cement. He believes the star-like endings found by 
Langerhans to be leucocytes; and Merkel’s cells he believes have been 
demonstrated to be modified epithelial cells. Ranvier (1880) showed a 
tactile disk beneath each of the cells of Merkel and each continuous with 
a nerve fiber stripped of its myelin. The fibrils enter as medulated nerves 
by way of the subcutaneous plexus. Although first discovered in the snout 
of a pig, Ranvier states that he has found these disks, without the Merkel 
cells, in the pulp of the human finger and in the int erpapillary regions 
of the Malpighian layer. Ranvier called them “hederiform termina- 
tions” and they are classed by histologists as free nerve endings. There 
are many differences in other free nerve endings, both in the termination 
itself, which may be modified in many ways, and in the type of arborization 
shown. Free nerve endings of varying types are found in all layers of the 
skin and subcutaneous tissues but not in as large numbers as in the epi- 
dermis. 

Anatomically, these endings were at first thought to comprise more or 
less distinct types and this belief furnished a basis for the theory that they 
are functionally specific for certain types of stimulation. As the studies 
have advanced, however, so many intermediate forms have been discovered 
that anatomical classification of modified endings cannot be made. Ruffini 
(1904-05) was led to remark that each end-organ reciuired a separate 
description, and Sfameni (1904), on the basis of observations made upon 
several kinds of animals, including cow, sheep, horse, and others, and upon 
humans, found that the various types of corpuscles present an endless scries 
which pass imperceptibly from Vater-Pacini to the diffuse nerve endings, 
and he concludes that upon the anatomical evidence there is no reason to 
believe they represent functional differences. Even a sharp anatomical 
distinction would not fully demonstrate functional variation, and the ana- 
tomical evidence in this field does not warrant any assumption of functional 
specificity at all. 


Peripheral Blood Vessels 

All parts of the vascular system are supplied with both afferent and 
efferent fibers, the latter comprising (a) the vasoconstrictors, which are 
at least predominantly sympathetic; and (^) vasodilators, the existence of 
which is not denied although they have not as yet been anatomically demon- 
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strated. Some of these are presumably parasympathetic but the antidromic 
fibers are probably also involved. The extent and anatomical dis- 
tribution of the afferent fibers is not known, but they were found by 
Heger as early as 1887 and the findings of Hirsch (1925) show that the 
supply of nerves to the peripheral part of the vascular system is much 
more abundant than formerly was believed to be the case. The branches 
to the peripheral blood vessels are carried by the somatic nerves and 
comprise both myelinated and unmyelinated fibers (Kerper, 1927). Many 
of the fibers that join the blood vessels are so small that they cannot be 
detected by ordinary means, and Woollard (1926^^) says that the arterioles 
of the periphery “are enmeshed in the ramifications of the nerve bundles,’’ 

Arteries have outer longitudinal muscles and inner transverse muscles. 
Nerves supply both systems of muscles and penetrate the vessel walls. 
Although the veins have not been studied as much as the arteries, apparent- 
ly they have similar innervation, but the capillaries have no muscles and 
perhaps only efferent nerves. It is known that the capillaries constrict and 
dilate, but the mechanism by which this is accomplished is not known. At 
least under some circumstances they respond much more slowly than 
arteries. 

There are two types of afferent endings in the arteries, as in the skin: 
(^) free nerve endings of three types (Hirsch, 1925) ; and {b) capsulated 
endings like Vater-Pacini corpuscles, and Krause end-bulbs, and many 
types intermediate between these two. The capsulated endings occur 
only in the outer layers of the adventitia. Woollard (1926^) found such 
endings in the walls of arterioles and others in the subcutaneous adipose 
tissue supplied by branches of the same fibril. Terminations in the media 
are mainly of unmyelinated fibers and in relation with smooth-muscle cells 
(Lapinsky, 1905; Glaser, 1924). Free nerve endings are found in all 
parts. 

Constriction and dilation of blood vessels are effected by nerve action, 
hormones, and other substances in the blood, by the activity of the organ to 
which they are attached, by blood pressure, and, especially in the case of 
the peripheral vessels (Lewis, 1927), by changes in temperature. Some 
hormones, e.g., adrenin, in certain quantities, and some drugs so affect the 
system that stimulation of the vasoconstrictor fibers results in dilation of 
the blood vessels (Dale, 1906). Excessive warmth, about 45" C., may 
result in constriction although moderate warming produces dilation. Tem- 
peratures of 50 C. or over kill plain muscle. Irradiation and reflex 
effects are noticeable. An example of the latter is given by Brown'*- 
Sequard (1872), who found that when one hand is dipped into cold water 
the vessels of both hands constrict. Sensitivity is limited to the stimulated 
hand, the reflex change in the other hand is presumably too slow to excite 
the afferent endings. 

It is well known that heat dilates the arteries and cold constricts them. 

It has been generally assume'd that this is wholly a nervous reflex, but 
Bayliss (1900-01) has shown that the vascular muscles are capable of 
changing their tone independently of the nervous system, and Lewis 
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(1927) has conclusively shown that heat dilates and cold constricts the 
arterioles independently of any nerve suppl\. Dilation is muclt the slower 
process (Strughold and Karbe, 1925r, p. 797, Figure 441). Luciani 
(1915, p. 196) reports that the rate of leaction for plain muscle is 
variable but ranges from 0.2 to 2 seconds. The threshold of excitability 
is lower and the latent period longei in the vasoconstrictors than in motor 
nerves to skeletal muscles and there is a constant slow discharge over them 
which is responsible for the maintenance of tone in vascular muscles. 
Vasodilators are not so well knowm and respond to stimuli of slow rhythm 
and low intensity whereas the constrictors respond to tetanizing curients. 
Some of the vasodilators of the face may not be autonomic nerves. 

Warmth and Cold 

Thermometers measure physical temperature in terms of a single series 
of more and less heat, but the psychological counterpart cannot be treated 
so simply. Skin sensitivity to temperature shows a psychological (or 
physiological) zero, not moie than 0.5** to 1“ C. wide (Leegaard, 1891), 
so that objects varying in range from about 32.5" to 33.5", when placed 
on skin of normal temperature (33" C.), are felt neither as warm nor as 
cold. From this zero point to about 45" C. stimuli usually feel warm, 
the warmth growing more intense as higher temperatures are reached. 
At about 45" C. the experience rather abruptly changes, and we do not 
feel warmth at this or any higher temperatures. The experience becomes 
a complex of pressure and pricking called “heat,*’ the pain (pricking) 
element becoming stronger as the temperature rises until at about 52" C., 
or even lower, we get only pain. Following through the lower tem- 
peratures, we go from cool to cold, and at about 12" C. the experience 
becomes a complex of pressure and pain, the cold element disappearing. 
This experience, aroused by a cold stimulus, is qualitatively very similar 
to heat and may be mistaken for it. At still lower temperatures, for some 
parts of the body as low as 3" C., cold stimuli also arouse nothing but 
pain. The actual figures vary with the thickness of the skin and with the 
part of the body stimulated. They also vary in another way: If we adapt 
to a given temperature, say 35" C., psychological zero moves to that tem- 
perature and that means that the threshold for warmth ha^s become higher 
and the threshold for cold has become lower, the two thresholds always 
moving together but in opposite directions. The fact that the psychologi- 
cal zero point moves for both warmth and cold becomes important for 
theory in that it indicates an identity or a relationship between processes 
necessary for the arousal of warmth and cold. 

Much of the work in this field has been done with punctiforxn stimu- 
lation, the commonest form of stimulus being a hollow cylinder with its 
temperature controlled by a stream of water passing through it. Electri- 
cally heated rods have been used and solid metal cylinders heated or chilled 
in a water bath. Such stimuli usually terminate in conical shape with the 
pointed end clipped so as to give an areal stimulation one millimeter or 



1050 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 


less in diameter. One-half millimeter is perhaps the most common, and 
pointed cylinders would be still more exact but give rise to pricking 
sensations which mask the temperature effects. Stimulation should be 
made point by point because dragging the cylinder across the skin gives 
rise to distractive sensations of pressure, movement, and tickle. Gold- 
scheider (1926<2) points out that in stimulation with thermally controlled 
mechanical stimuli, such as a heated or chilled metal cylinder or rod, 
there are five important conditions to be observed: (a) the difference in 
temperature between skin and stimulus; (b) conductivity of stimulus; 
(c) capacity of stimulus object for containing heat; {d) time; and (e) the 
closeness of contact. 

Blix (1884), Goldscheider (1884), and Donaldson (1885), working 
independently and with such stimuli, discovered that the skin is not uni- 
formly sensitive to warmth and cold but that, if an area is explored point 
by point, some points respond with warmth, others with cold, but many 
respond only with pressure. Results showed that the cold points are much 
more numerous than the warmth points (Goldscheider, 1926 ^e, p. 132) 
and respond very differently, flashing out clearly and vigorously, where- 
as the w^armth spots well up slowly (Goldscheider, 1917, p. 131). 
The results of this work lack uniformity. Goldscheider finds many more 
sensitive points than Blix or Kiesow, and Kiesow finds a correspondence 
between cold points and the arrectores pilorum, the small muscles of the 
skin which control the movements of hairs and which, when constricted, 
form “goose-flesh.'’ Both types of points vary in their strength of re- 
sponse, i.e., with stimuli of equal temperature some points give a much 
more intensive experience than others (Goldscheider, 1926<'i^ p. 132). If 
the intensity of stimulation is increased a larger percentage of responses is 
given (Hahn, 1927), and at very high intensities practically every 
application of the stimulus gives a response. Working with very weak 
stimuli we may assume that only the more sensitive points of the skin 
respond, and we may reasonably expect to find these points in a favored 
position in relation to the nervous mechanism upon which the correlated 
experiences depend. Boring (1916), Dallcnbach (1927, 1929), Rivers 
and Head (1908), and Trotter and Davies (1909) found a further 
difficulty in that re-examination of such an area is likely to give a very 
different result. A similar number of points are found, but few of tliem 
are identical in location with those found upon the first examination. 
Consequently, in our endeavor to find the physiological and neurological 
correlates of these points, we must account for this variability. Dallen- 
bach (1929) found that consistent results may be obtained if one isolates 
small areas or “spots” instead of “points.” 

Sensitivity to warmth and cold is in general limited to the skin and 
the mucous linings of parts opening upon the skin, such as the mouth 
and external nares, but Boring (19l5<jr) found the stomach and esophagus 
sensitive to warmth and cold. Because of the general insensitiveness of the 
viscera to “unnatural” stimuli and because of the striking delay in the 
experience, Hertz (1911), Hertz, Cook, and Schlesinger (1908), and 
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Mackenzie (1922) came to the opinion that the temperature chanjjes 
were carried to the abdominal skin and that the temperature experience 
was aroused there. Boring (1915/^) showed this to be extremely unlikely, 
and Ganter (1921), by insulating the side walls of the stomach, demon- 
strated the fact that both cold- (water) and warmth (alcoliol) could 
be felt in the stomach itself. There are areas of the body wdiich at least 
seem to be less sensitive to warmth than to cold, and peihaps we may 
state this of the body generally inasmuch as there is almost general agree- 
ment that the warmth points are much fewer than those for cold, but 
Dallenbach (1927, 1931) has found that the number of warmth and cold 
“spots’’ is about equal and accounts for the eat Her findings by errors of 
technique. On the palm of the hand and the sole of the foot, and other 
parts of the body where the skin is relatively thick, sensitivity to both 
warmth and cold is less than at other points. I'he cornea of the e>e, 
except at the margins, is not sensitive to either warmth or cold. 

In this field early work upon the Weber-Fechner hypothesis was not 
done under the best conditions and the lesults were not satisfactory to those 
who did the work, although Feclmer found, between 10“ R. and 20“ R. 
(Reaumur thermometer), an ability to distinguish 1/20” R., and C. 
Lindeman, between 26“ C. and 39*" C., could distinguish 1/20“ C, Gold- 
scheider (1926^, p. 146), who reports the figures given above, concluded 
that the ratio depends partly upon the part of the body and partly upon 
the range of temperatures chosen. Culler (1925-26), in an exhaustive 
study on thermal discrimination and its relation to Weber’s law, found 
that the law does not at all hold for differential limens for warmth and 
cold. 

The earlier theorists, including Weber and Hering, regarded our sensi- 
tivity to warmth and cold as one sense, a single continuous series of ex- 
periences, whereas now they are generally held to be two distinct series. 
Weber (1834) held that only change in temperature aroused feelings of 
warmth and cold. He cited the following demonstration: If one adapts 
one hand to warm water and the other to cold, then places both in water of 
normal skin temperature, it feels warm to the cold hand and cold to the 
warm hand. Hahn (1927, 1928) and Hahn, Goldscheider, and Druch 
(1929) have questioned this demonstration and find some relationships 
which have not before been presented. I'^he results of Franqois and Pieron 
(1927), however, do not wholly agree with their findings. 

Hering (1877, 1880) held that the absolute temperature, in relation to 
the psychological zero point, is critical for these sensations and that the 
arousal of cold and warmth corresponds to catabolic and anabolic pro- 
cesses. He cited the fact that, if we adapt to cold, the after-image is 
cold, and if we adapt to warm, the after-image is warm, whereas the 
change of temperature is in the opposite direction and, if Weber were 
right, Hering maintained that the after-image of warmth should be cold. 
Many explanations for these phenomena have been offered, but they have 
not yet been satisfactorily accounted for under Weber’s hypothesis. Von 
Frey has recently investigated the after-images for warmth and cold and 
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finds that under certain conditions the after-image for cold may be warm 
and that for warmth cold. Weberns demonstration appeals to offer an 
example of successive contrast, and Goldscheider (1926r^) says that 
Tschermak offers a demonstration of simultaneous contrast. ^Vithin a 
ring of warmth, a neutral center feels .cold and m a ling of cold the 
same neutral center feels warm. Wunderli (1860) described a similai 
experiment which has since been verified (Nafe, 1929) : In the region ot 
the back a piece of paper is applied so that a small hole in the paper 
leaves a few square centimeters of skin exposed. When this exposed skin 
is stimulated with a few strands of cotton wool, the subject reports the 
experience warmth. Goldscheider (1926^L P- 1^3) has shown that a small 
stick of wood wrapped in cotton of room temperature produces a contact 
sensation followed by a sensation of warmth whether or not it is applied 
to a warm spot. He also found that mechanical stimulation will arouse 
an after-image of cold after the disappearance of the original cold experi- 
ence. Von Frey (1895Z>), in his work on the cornea, reported the 
arousal of cold with mechanical stimuli, and Goldscheider reports that, 
with the application of a cold stimulus, a mechanical stimulus applied 
just outside the stimulated area will be felt as cold. He also finds that 
slightly cold stimuli are perceived as stronger if a thermally indifferent 
mechanical stimulus is also applied. 

Herzen (1886) found the average reaction-time for warmth to be 
0.5 to 0.6 second and that for cold to be 0.25 to 0.3 and these findings 
were substantiated by Tanzi and Lehmann (1892), but Goldscheider 
found too great a difference in stimuli of different intensities to justify 
the presentation of an average figure, and too great a difference in different 
parts of the body to bear generalization. At 15'’ C. and 50" C. he got 
the following results: 



C. at 15" C. 

W. at 50" C. 

Face 

.135 

.192 

Arm 

.150 

.270 

Abdomen 

.266 

.620 


.255 

.790 


Such stimuli are too extreme for cold and warmth and there is reason to 
believe that a stimulus of 50" C. will very often arouse pain upon the parts 
mentioned. Goldscheider remarks that for milder temperatures the times 
are greater. 

Weber (1834) noted that the size of the stimulated area affects the 
felt intensity, e.g., if one stimulates a finger and then the whole hand, 
the latter sensation is more intensive, but Cioldscheider questioned this 
procedure on the ground that the hand is more sensitive to warmth and 
cold than the finger. Weber also noted that cold objects feel heavier than 
warm objects of the same weight. Ponzo (1909i) has shown that cold 
and warmth are localized (two-point discrimination) but not as accurately 
as pressure and pain. Two cold points, 0.3 to 0.8 mm. apart, and warmth 
points, 2 to 5 mm. apart, are experienced as two. (Cf. Dimmick, 1915.) 
Goldscheider found that subliminal stimulations show summation. 
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Von Frey (1895Z>) reports that with punctiloim warratii stimuli 
(about 45° C.) he would occasionally arouse an expeiience of cold, not 
at a cold point but near one. “Paradoxical cold,’’ as he calls this experi- 
ence, was first described by Strumpell (1881) and has been verified by 
Goldscheider (1926^z), Boring (1916), Lehmann (1892), and many 
others. According to Goldscheider, he (1912), Ponzo (1909^^), and 
Rubin (1912) independently reported similar facts for “paradoxical 
warmth.” Ebbecke (1917) also found paradoxical warmth, and Gold- 
scheider states, as von Frey did for paradoxical cold, that stimulation in 
these cases was "near very sensitive warmth points.” Pavlicek and Jen- 
kins, stimulating only upon predetermined warmth “spots,” find para- 
doxical warmth not difficult to arouse. 

It is confusing when Goldscheider and von Frey repoit that in some 
cases stimulation is adequate whether or not it is applied to its correspond- 
ing point because this is the equivalent of stating that there arc no points. 
Their evidence also makes specificity for these organs meaningless because 
they report that both cold and warmth may be aroused by warm, cold, 
and mechanical stimulation, which is to say the end-organs are not 
specific. 

Among the structures suggested as organs for cold there is only one, 
the Krause end-bulb, for which experimental evidence has been offered. 
No corresponding evidence for any organ of warmth has been adduced. 
Von Frey (1895^) found that the margins of the cornea of the eye, for a 
distance not over 2 mm. wide, are sensitive to cold and not to warmth 
and he points out that the Krause end-bulb and free nerve endings are the 
only afferent terminals present. His facts are questioned by at least two 
investigators, Donaldson (1885) and Stein (1925), who report this part 
of the cornea sensitive to both warmth and cold. Von Frey’s findings are 
weakened by his own report in which he states that he had difficulty in 
keeping the stimuli (beads of wax) above body temperature. Strughold 
and Karbe (1925^^ \925b) have compiled a comparison chart with all the 
available data, and they show a close correspondence between general areas 
of sensitivity to cold in the cornea and frequencies of occurrence of 
Krause’s end-bulbs. Strughold (1925) presents another chart showing 
the correspondence between the intensity of cold felt in areas of the cornea 
and the depth of the Krause end-bulbs, and again there is a close cor- 
respondence. Strughold and Karbe (1925c) performed a daring experi- 
ment in which, ^ with the aid of cocaine as an anaesthetic, they injected 
methylin blue into the cornea, located six Krause end-bulbs, and from 
three to ten days later, allowing time for the disappearance of the anaes- 
thesia, they found cold spots' over these points or nearby (identified by 
topographical differences), with areas about them insensitive to cold. 

Against these positive findings, which it must be said are meager, 
are those of many other examinations of temperature points made with a 
view to discovering the sensitive end-organs for warmth and cold. Gold- 
scheider (1886«) reported the following experiment; Discovering tem- 
perature points that were constant for several trials, he pierced through 
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the skin at these points with a needle, excised the skin around the hole 
thus made and examined it by histological methods. In no case did he 
find capsulated endings of any type near the canal left by the needle. 
Donaldson (1885), Haggqvist (1913), Dallenbach (1927), and Pendle- 
ton (1928) have done similar experiments with identical results so far 
as capsulated afferent end-organs are concerned. The Krause end-bulb 
is held by RufEni (1904-05, p. 433) to be a type of the Vater-Pacini 
corpuscle. No functional difference between them has ever been demon- 
strated, and Adrian has found that the Vater-Pacini corpuscle does not 
respond to temperature stimuli. There remains then a strong presumption 
against the Krause end-bulb as the organ for cold, or even as an oi'gan 
for cold. Goldscheider (1926^z) reports that his brother, F. Goldscheider, 
has worked out a formula for conduction of warmth and cold in the 
skin for which Putter (1927) and Hahn, Boshamer, and Goldscheider 
(1927) assumed values and determined the location of the organs for 
both warmth and cold to be in the corium near the border between epi- 
dermis and dermis, and Kaestner (1931) has verified and extended 
these findings. Other formulae, based upon latent periods, have found the 
end-organs for warmth to lie deeper than those for cold, but these cal- 
culations assume that the processes for setting up an experience of cold 
and of warmth require the same length of time. This assumption has 
not been justified. 

Von Frey (1895^), in his examination of the sensitivity of the con- 
junctiva, noted the proximity of the blood vessels to the cold points, and 
Goldscheider, although he found no relation between temperature points 
and capsulated endings, noted the fact that the cold spots were always 
found in striking and immediate proximity to tufts of blood vessels. He 
stated the possibility that the blood vessels themselves may be the organs 
for sensitivity to temperature but rejected the idea because the nerves 
seem to go beyond the vessels and because vasodilation and constriction seem 
to require nervous activation (1886^r^ p. 243). These two reasons are 
both now known to be mistaken ones. We know that many afferent 
nerves terminate in the plain muscles of the blood vessels, and Lewis 
(1927) has shown that vasodilation and constriction may occur without 
any nervous activation and he showed specifically that cold will cause 
arterial constriction and warmth will cause arterial dilation when all 
nerve connections have been cut. There arc many other reasons for be- 
lieving vasoconstriction to be the process essential for the arousal of cold 
and vasodilation to be the process essential for warmth. 

It was shown earlier in this section that from physiological zero to 
about 45“ C. we experience warmth, from 45“ to about 52“ C. we experi- 
ence heat. Heat contains no element of warmth ; it is a fusion of pressure 
and pain (pricking). Above 52“ C. stimuli arouse only pain. Below 
12“ C. occurs at? experience almost identical with heat and one which may 
be mistaken for heat. Below some 3“ C., stimuli arouse only pain. It 
has also been shown that adaptation shifts the physiological zero point, 
simultaneously lowering the threshold for one and raising it for the other 
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Escperience 

C. 

Plain imiacle 

pain 

62 

spastic contr'-ic bion 

heat 

45 

constricting elements 
in dilating muscle 

warm 


relaxation 

zero 

33 

physiological zero 

cold 

12 

contraction 

muscle elements 

”c.heat" 

3 

showing severe 
constriction in 
general contraction 

pain 


spastic contraction 


FKHTRE 2 


quality. This curious system of facts finds little or no disagreement 
among investigators of the subject and offers us a clue to an adequate 
theory. Plain muscle constricts when chilled, and at very low tempera- 
ture is killed. It relaxes when warmed to approximately 45'" C, when 
it is likely to contract vigorously, and at about SO** C. it is killed (Starling, 
1930, p. 198). The parallel is striking* Stimulation slightly above skin 
temperature caus;es easy dilation of the arterioles of the skin and is felt as 
warmth. As the temperature is increased the experience is intensified 
by the additions of more muscle elements. At about 45'' C. some con- 
striction begins to occur, the immediate effect of which is to break down 
the pattern felt as warmth into pressure with the constricting elements 
furnishing the painful (prick) elements- This is the typical '*heat'' ex- 
perience (warmth + cold) described by Burnett and Dallenbach (1927, 
1928) and others. Increasing temperatures cause more and sharper con- 
striction, adding to the pain element, until at about 50*" C. the spastic 
contractions set up a solidly painful experience probably reinforced by 
the activity of other nerves injured or otherwise excited by the higher 
temperatures. Stimulation with moderately cold stimuli causes easy con- 
striction of the blood vessels, and the patterns of afferent discharges set 
up by this activity is felt as cool and, at greater intensities, as cold. As 
the stimulating temperatures are decreased, some of the muscles begin to 
contract strongly and the pattern aroused closely resembles that set up by 
heat. ^ At extreme temperatures the spastic contractions set up experience 
of pain, which may also be reinforced by the action of other nerves if a 
point is reached where the nerve tissue is injured. 

The hypothesis is further supported by the facts brought out in ex- 
perimentation with the “heat griir' of Cutolo (1918). The grill con- 
sists of a series of warm and cold tubes, the temperatures of which are 
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usually controlled by running water. Stimulation of an area of skin 
with the grill results in an experience of pressure and pricking whicii at 
first produces a reaction like that to heat and experientially closely re- 
sembles heat except that (a) it is not painful unless one of the elements 
alone is painful, and (b) at mild intensities an occasional warmth or 
cold displaces parts of the “heat” experience (Burnett and Dallenbach, 
1927, 1928). Work upon the heat experience has been reported by 
Alrutz (1897, 1898, 1900), Thunberg (1895-96, 1902, 1905), Kiesow 
(1901), Cutolo (1918), Alston (1920), Burnett and Dallenbach (1927, 
1928), Hahn and Lueg, and Hahn, Boshamer, and Goldscheider (1927). 
Much of the work has been done with complications of punctifoim stimu- 
lation rather than with the grill. The last two groups of experimenters 
have pointed out that under the conditions stated the heat experience some- 
times does not occur. Heat is a pattern aroused by rather sharply con- 
stricting elements within a body of mildly constricting or dilating ele- 
ments. The grill furnishes that pattern, and the reasons for its lack of 
pain, and instability as a pattern, aie fully accounted for in that the 
constriction accompanying mild cold is not sufficiently intense to cause pain, 
and the weakness of the stimuli permits fluctuations, making possible the 
occasional reappearance of the patterns of warmth and cold. 

It has been noted above that mechanical stimulation of the skin may 
produce sensations of warmth or of cold but usually produces neither. 
Such stimuli, when applied to relaxed plain muscle, are known at times to 
cause contraction, and, when applied to tonically contracted muscles, 
often provoke rapid relaxation (Starling, 1930, p, 197). This explains 
the occasional response of warmth and cold to mechanical stimulation and 
may also explain paradoxical warmth and cold inasmuch as these experi- 
ences are aroused with thermally controlled, mechanical stimulation. If 
the condition of the muscle is such that it responds to the mechanical rather 
than to the thermal stimulation, it would give such a result. 

Attention must be called to the fact that the blood vessels have been 
anatomically demonstrated to be organs for warmth an<l cold. Gold- 
scheidcr (1886^^, p. 243), in his excision experiment described above, noted 
the “striking and immediate proximity” of the blood vessels to the cold 
points. If he had been able to make such a statement about Krause end- 
bulbs, we should have considered the matter settled. Von Frev (1895Z>), 
also, in his work upon the conjunctiva, noted and commented upon the 
proximity of the blood vessels to the cold points. Strughold and Karbe 
did not look for a correlation witli blood vessels, and it may well be that 
the blood vessels were as near the cold points as the Krause end-bulbs 
were. It was stated above that their location of Krause end-organs was 
by topographical differences. It was by reference to the blood vessels. 
Putter (1927) and Hahn, Boshamer, and Cioldscheider (1927), by 
calculation, have determined that the organs of the skin sensitive to 
warmth and^ cold are both located near the boundary between the epider- 
mis and corium. This is not a smooth line, but the superficial vascular 
plexus and the loops of blood vessels in the papillae fit the description 
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Strikingly well and very much better than any one or two types of cap- 
sulated endings. With all of the questions that have been raised about 
the sensitivity of the much-examined cornea, there is general agreement 
that, except for the extreme margin, it is insensitive to cold and warmth. 
Anatomically, it is a fact that except at the extreme margins it is abso- 
lutely non-vascular. 

It is worth while to note how some of the other known facts fit the 
hypothesis: {a) Bazett and McGlone (1928) have shown that puncture 
of the arteries of the skin is accompanied by flashes of warmth and cold. 
(b) The reaction-times for warmth and cold correspond to the reaction- 
times for plain muscle, which, although very variable, range from about 
0.2 sec. to 1 or even 2 sec. Tanzi found the reaction-time for warmth 
and cold to be 0.507 and 0.277 sec., and Herzen (1886) found the 
reaction-time for warmth to range from 0.5 sec. to 0.6 sec. and that for 
cold from 0.25 sec. to 0.3 sec. (c) The theory accounts for reflex stimu- 
lation. It has long been known that certain sounds produce feelings of 
cold. In fear and anger it has never been shown that the temperature of 
the skin changes before the chill or warmth are felt. Vasoconstriction 
and dilation are at times controlled through the autonomic nerves and 
this accounts for these reflexes. A theory of speciiic end-organs must show, 
when metal screeches against glass, that the temperature of the skin falls 
considerably before we feel the chill and that a chill, during a fever, in- 
volves cooling of the skin, (d) 1'he hypothesis accounts for the shifting 
of warm and cold points upon the skin because va.soconstriction and 
dilation depend upon many factors besides temperature, e.g., emotional 
conditions, muscle tone, blood pressure, blood content, etc. (e) Con- 
striction is a more definite movement than dilation and occurs in shorter 
time, and these facts correspond to the manner in which the experiences 
occur, cold coming in abruptly, clear, well defined, and sharply localized, 
while warmth comes in gently, welling up, and, by the time we feel it, it 
seems to have already been there for a moment. (/) Finally, the hypothe- 
sis accounts for the findings of Culler, Fechner, Goldscheider, and others 
that the experiences of warmth and cold do not approximate Weber’s 
law as do other sensory experiences except pain. 

It was pointed out in the section upon the skin that many of the cap- 
sulated end-organs are highly vascularized. It is possible that the vascular 
elements are important for sensitivity to warmth and cold although it 
seeins more probable that the vessels near the superficial vascular plexus 
are involved. For some areas there may be supplementation and Kiesow 
once suggested that the arrectores pilorum are important. These muscles 
are also under autonomic control but we know little about them. We 
should expect the fibers concerned with sensitivity to warmth and cold 
also to be associated with pain. Although the visceral tissues are notori- 
ously insensitive, it seems to be clearly established that spastic contraction 
of these muscles produces pain, pricking of the walls of blood vessels is 
painful and certain drup and chemicals, if injected into ‘the blood stream, 
arouse severe pain without causing any constriction of the muscles. 
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Ordinary needle-pncks may at times be effective by setting up spastic 
contraction of small muscle elements. Such pricks are almost indistin- 
guishable from those aroused by a hot point. 

Just what patterns of constriction in vascular muscles are felt as cold 
is, of course, not yet known, but it is not nece.ssary to assume that all 
constriction is so felt. Some will be so slow that adaptation will occur 
first. Some will lack sufficient movement or intensity to establish a senes 
of discharges. Furthermore, these muscles may be capable of moie than 
one type of constricting movements, at least there are two types of muscle. 
All movements of stomach musculature do not result in feelings of hunger 
but only those produced in the formation of a particular type of wave. 
We have at present no facts upon which to base a belief as to the details 
of the movements requisite to feelings of warmth and cold. But we 
obviously are dealing wdth a series of discharges which, in their temporal 
and spatial relationships, form a pattern that is felt as warmth, and another 
felt as cold, and for tliis type of sensitivity we need no concept of 
specific end-organs. 

Pressure and Pain 

Von Frey and Kiesow (1899) have shown that pressure is experienced 
when a gradient is formed upon the skin and that, whether the direction 
of force is outward or inward, the feeling aroused is the same. Pressure 
experiences are said to exist only as long as the stimulation or deformation 
of tissue lasts, and the after-image, if it occurs at all, also lasts only until 
the tissue regains its normal position. Adrian showed that experience 
aroused by stimulation of the hair exists only during actual movement of 
the hair except when tickle or itch is aroused. Von Frey has shown that 
a heavy weight continues to settle into the tissue for a longer time than 
a light one and that this effect is directly connected with adaptation time, 
and Zigler has shown that the adaptation of experience aroused while 
such a gradient returns to normal (i.e., the ‘‘after-image”) is of the same 
order of time as the original experience. Pressures too light to indent 
the skin may excite activity by movement of the hair. Aubert and 
Kammler (1858) found that the threshold for such stimulation is lower 
than that for direct stimulation of the skin. Pressure stimulation of the 
skin, like other stimuli, involves two factors: speed and intensity (von 
Frey, ]897<?; von Frey and Goldman, 1926). Von Frey and Goldman 
(1914) and Cattell and Hoagland (1931) give figures and curves for 
adaptation to pressure, Zigler (1932) has found adaptation curves for 
complete adaptation to pressures applied to the skin. His results show 
that adaptation time is directly proportional to intensity of stimulation, 
and inversely proportional to the area stimulated. He also showed that 
the adaptation time of the return to normal (after-image) is of approxi- 
mately the same magnitude as the prior stimulation. 

Thresholds for the different qualities are difficult to compare, but Gold- 
scheider {I926h, p. 182) maintains that there is always a contact ex- 
perience before the arousal of warmth, cold, or pain and that, for mechani- 
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cal stimuli, the threshold for pressure lower than that for pain. There 
IS evidence tending to show that the thresholds for pressure and pain 
points are not constant and, as has been shown in connection with wMrmth 
and cold points, it may be argued that the points themselves are only the 
points of lowest threshold. The most sensitive pressure and pain points, 
in areas of the skin that have been mapped and re-examined, show much 
instability. Sensitivity to pressure is increased in warmth and materially 
decreased in cold (von Frey and Goldman, 1926, p. 102), and Weber 
(1834) found that a cold object is perceived as heavier than a warm one 
of the same weight. Ponzo (1909^) has found that localization (two- 
point discrimination) is most refined at the tip of the tongue, and other 
very sensitive parts are the tips of the fingers and middle parts of the 
lower lip. These results do not substantiate some of the older findings 
which were interpreted as showing that such sensitivity is correlated with 
the number of end-organs and is greatest at the extreme periphery of the 
body (finger-tips) and becomes progressively less toward the central 
portions of the body. 

The reaction-time for pressure is less than that for warmth, cold, or 
pain (Goldscheider, 1887). Von Frey criticized the older work on 
latent periods because it failed to differentiate between pain and pressure, 
and muscle and skin sensitivity. He approves Kiesow^s work (1904a) as 
producing the first reliable figures: for muscular pressure, 0.15 to 0.17 
sec.; and for pressure on the skin, 0.24 to 0.26 sec. Felix and von Frey 
(1922) determined the latent period for tickle upon the forehead to 
range from 0.14 to 0.15 sec., and von Kries and Auerbach (1877) found 
the latent period for pressure to be 0.12 to 0.15 sec., regardless of the 
part of the body stimulated. Eichler (1930) found the reaction-time for 
touch to be 0.268 sec.; that for mild pain (prick), 0.883 sec.; and for 
more intense pain, 0.46 sec, Pieron has recently derived reaction-times 
for different types of stimuli and attempted to relate them with known 
groups of fibers. Gatti (1931) has advanced the studies on the relation- 
ship of Weber’s law to tactile sensations. He has found relationships 
which more accurately express the amount of stimulation and has found 
that in the stimulation of isolated tactual points there is a constant rela- 
tionship but that there are areas where this is not true. 

The most common stimuli for examination of skin sensitivity to pres- 
sure have been hairs. Von Frey (1894, 1895a, 1897a) worked out a 
method of calibrating these hairs by the area at the point of contact and 
the weight required to bend the hair. These values he expresses in gram- 
millimeters (gr./mm.). It would seem that the intensity per unit area 
would be a better measure than simple intensity, but Hansen (1913) and 
Weizsaecker (1923) have shown that this requires a special interpreta- 
tion. Some work has been done with stimuli of greater areas, but one 
of the important problems has been the determination of the distribution 
of sensitivity on the skin, and for this purpose hairs have been widely used. 

Kiesow (1904i), using a glass thread instead of a hair, because the 
latter is modified by moisture and by bending, has made the most thorough 
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examination of the body for sensitivity to pressure. His results agree 
rather closely with those of Alrutz (1905), but the results of these two 
investigators are apparently the only ones that do approach an agreement. 
In general, the reported results of this work lack uniformity. All find 
that the skin varies in sensitivity at different parts of the body, but where 
von Frey finds that on the volar side of the forearm there are about 25 
pressure points per sq. cm., Goldscheider (1898), in a similar area, finds 
300. Blix (1885, p. 157) found evidence that hairs are pressure organs, 
and in the hairy part of the body von Frey (1926, p. 104) finds an almost 
absolute correspondence with the hair-bulbs. Strughold (1923) has re- 
cently found that, although there are some hair-bulbs which do not appear 
to be pressure organs, there are no pressure points in the hairy parts of 
the body other than hairs except in the marginal areas where the hairless 
and hairy areas meet. Fiom the number of presbure points in the hairless 
areas and the number of Meissner-Wagner corpuscles, von Frey (1897rt) 
comes to the conclusion that the Meissner corpuscle is the end-organ for 
pressure in hairless areas. Goldscheider (1898), on the other hand, finds 
no such relationship between pressure points and the hairs but docs find a 
peculiar design of prestsure points, chains radiating from a center. The 
number of points found by Goldscheider is far too large to be accounted 
for by hair-bulbs and Meissner-Wagner corpuscles. He does not deny 
the hair-bulb as an organ of pressure but does not limit the organs to the' 
one form and does find pressure points between the hairs. It must be 
said that the method and results of investigation leave much to be 
desired. Working with what amounts to threshold stimulation, it is to be 
expected that the most sensitive points will be found. That does not 
constitute any proof that they are the only sensitive points. Some of the 
assumptions and conclusions connected with this work have been discussed 
in a prior section on stimuli. Von Frey stimulates over the hair-bulb on 
the ^Vind-ward side” of the hair. It is conceivable that for structural 
reasons it is the most sensitive point upon the skin to the type of stimuli he 
uses. The case for the hair-bulbs as the only points of sensitivity is 
weakened because the afferent fibers which reach them are presumably 
only branches of fibers which otherwise terminate as free nerve endings 
in the epidermis. That the hair-bulb is an organ of pressure is beyond 
question. Direct stimulation settles the point unless we differentiate 
such experience as “contact,” in which case it becomes an organ for that 
quality. If the correlation between hair-bulbs and pressure points could 
be demonstrated we should have a real basis for specificity of function, 
but the lack of agreement among observers leaves us without such evidence. 
There is a great deal of evidence given below tending to show that the 
free nerve endings of the epidermis are organs of pressure. If this is true, 
and it can hardly be doubted, the correlations with hair-bulbs becomes 
only a matter of greatest sensitivity, for the free nerve endings of the 
epidermis are so frequent in their occurrence that they are in contact 
with practically every tissue cell in the layer in which they occur. 
Waterston (1923), removing the epidermis by blistering, showed that 
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Stimuli which produced pressure upon the normal skin would produce 
I only pain. If the bottom lajer of epidermis is left, the area is still sensi- 

tive to pressure. This tends to show that the free nerve endings of the 
epidermis mediate pressure, and tends to weaken the position taken by 
von Frey and Strughold. Adrian, Cattell, and Hoagland (1931), in part 
confirming the findings of Gasser and Erlanger that there are two typical 
types of impulses from the skin, have shown that a series of impulses 
traveling at a verj rapid rate are produced by light stimuli, stimuli which 
in a normal person would pioduce a pressure or contact experience, and 
another series, traveling at a much slower rate, are produced when stimuli 
are applied which, for a normal person, would produce pain. They also 
have shown that, when the epidermis is removed, the rapid oscillations 
no longer appear. This also tends to identify the free nerve endings, 
which are the only sensory end-organs of the epidermis, with pressure 
experience. 

, These results, coupled with the neural relationship between innervation 

' of hair-bulbs and free nerve endings, create a presumption that free nerve 

endings of the epidermis are organs of pressure. Goldscheider (1917, 
1920), von Frey (1894), von Frey and Hacker (1914), and others have 
as certainly shown that they mediate pain. 'I'he major part of the cornea 
of the eye contains only free nerve endings and it certainly is sensitive to 
pain. We must conclude either that the free nerve endings transmit 
impulses correlated with both pressure and pain or that there are two, 
functionally different, kinds of free nerve endings. It must also be con- 
ceded that the corium is sensitive to pressure. The work of Adrian, of 
von Frey, and of Strughold on the hair and hair-bulb is sufficient, but we 
also have the anatomical evidence which shows that the encapsulated 
end-organs of the corium are supplied with axial myelinated fibers .as well 
as the thinly myelinated and unmyelinated fibers of smaller sizes. The 
additional fact that the fibers supplying the hair-bulbs are branches of 
fibers the remaining portions of which terminate in the epidermis as free 
nerve endings also corroborates the finding that pressure is mediated by 
both types of endings. 

_ If one stimulates a small point of skin surface or a single hair, he is 
likely to get, instead of a dull massive pre.ssure experience, a sensation of 
contact which is comparatively bright and lively, but it must be admitted 
that the feelings so aroused vary at times with conditions of the body 
which cannot be well defined, that is, due to skin or other variable con- 
ditions one does not always find it easy to arouse a contact experience. 
Adrian (1930A, p. 339) has found that when a hair is stimulated the 
resulting impulses are of high frequencies, great amplitude, and cease with 
the cessation of mov^ent of the hair. This observation fits in weU 
enough with contact itself, but if we stimulate a few hairs together, or 
nearly together, or stimulate a hair the free end of which touches the sb'n 
at Mme point near its point of exit, we sometimes arouse cutaneous tickle 
or itch. ^ When aroused, such tickling is very bright as an experience with 
^ a lightnmg-like movement effect and may last for many seconds after the 



1062 HANDBOQK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

stimulus is removed or after the hair has ceased to move.^ What the 
nervous correlate of this persistent after-effect is we do not know. Such 
experiences are not limited to the hairy areas, as the palms, soles, and 
lips are even more sensitive to tickling and itching than the hairy parts. 
Hence we cannot consider such sensitivity to be correlated with the hair- 
bulbs^ as special organs, ir jg simpler to legard it as a pattern the 
peculiarity of which lies in the manner of arousal. Alrutz has taken a 
different view, believing there is some evidence for tickle points and 
therefore for special end-organs and nerves and he cited cases where they 
were abolished by the application of nerve blocks while sensitivity to 
pressure and pain remained. Lombard (1929), who for a time thought he 
had found tickle spots, has now concluded that they are, at least some- 
times, identical with pressure spots. Goldscheider’s (1884) view is 
typical: that the weakest stimulation of pressure points gives tickle. I'he 
work of Weber (1834), punke (1880), Goldscheider (1926/»), and 
Nafe (1927) indicates that complications of weak stimuli are necessary. 
Von Frey and Kiesow (1899, see also von Frey and Goldman, 1926) 
consider tickle to be a pattern (quality) of pressure, and itch to be a pat- 
tern (quality) of pain, both reflexly aroused, but Alrutz considered tickle 
and Itch to be two patterns (qualities) of a separate modality. CJold- 
scheider (1898) has described another experience, similar to contact and 
tickle, which he calls granular pressure.*^ 

Tactual sensitivity to vibrations is a remarkable phenomenon (Mac- 
kenzie, 1922, p. 107) frorn a point of view of theory and, in a wav, relates 
sensory feeling with audition. Sergi (1891) showed that vibration fre- 
quencies from 12 or 15 d.v. to 1000 d.v. per .second are recognized as 
different. Knudsen (1928) shows the upper limit to reach as high as 1600 
d.v. per second and Gault (1927) has stated it to be as high as “over 
2000 d.v. per second. ' ^ Cattell and Hoagland (1931) have sliown for 
one type of vibration (interrupted air currents) that the nerve impulses 
correlate exactly with the vibration frequencies, but the experiment was 
not carried above the capacity of the nerve, which was about 300 impulses 
per second. We know of nerve frequencies of the order required by 
the higher values presented. A separate vibration sense has been suggested, 
but such a position has little to recommend it at the present time because 
it would not at all relieve ug of the problem and furthermore the experi- 
ence is of the pressure type. It is generally believed that, for any known 
nerves, frequencies of such an order as 1600 to 2000 d.v. per second 
could not be passed over single fiber because of the limits set up by 
the refractory pha.se. The only suggestion that seems to be within the 
realm of possibility, as we now understand nerve action, is that a group 
of fibers discharge impulses so spaced as to deliver, within the central 
nervous system, the exact frequencies presented by the stimulus. It was 
formerly believed from the available evidence that impulses over sensory 


^ “Cutaneous tickle is not to b© confused with the emotional accompaniment some- 
times aroused. 
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nerves were always sufficiently slow to allow time for complete recovery 
of the nerve between each pair of impulses. Matthews (1931) has shown 
this to be incorrect, and Adrian is of the opinion that overlapping is a 
condition that may be of common occurrence. But even this principle, 
so far as is now known, will not permit of the necessary frequencies. 

Katz (1927^) points out that in the usual fusion of vibratory and 
auditory sensitivity the former is masked, and he cites the ability of deaf 
subjects to discriminate between different kinds of music as indicating the 
real nature of vibratory sensitivity. Katz (1927/z), Katz and Noldt 
(1927), and Katz and Gotzen (1928) show that vibrations may be 
carried either through the cutaneous or deep system of nerves. Petzold 
(1928) describes a type of felt movement and certain masking effects 
produced by vibrations and has measured the accuracy of localization. 
Still more recently Thiel (1931) has made a study of some of the major 
aspects of our sensitivity to vibrations. 

Excessive warmth or cold produce pain either by causing spastic con- 
tractions of the vascular muscles or, at great intensities, by injury to the 
tissues and nerves. Moderate heat or cold will discharge an already 
injured fiber (Adrian, 1930Z>, p. 344). Mechanical stimuli arouse pain 
by compression or distention of tissues or by abrasions with consequent 
injury to tissues and nerves. Certain chemicals and drugs produce pain, 
some by destruction of tissue and consequent injury to the nerve, but in 
other cases the immediate effects of the drugs are not known. Foreign 
substances introduced into the blood stream may arouse pain without 
causing any constriction of vascular muscles. The effects of electrical 
stimulation are often classed as painful, but this is not apparent at ordinary 
intensities unless there are abrasions in the skin, when a sharp, pricking 
sensation is produced. Electrical stimulation through the intact skin, at 
ordinary strengths of current, is not known to have any effect upon the 
end-organs of afferent nerves. It is known directly to affect the motor 
nerves, causing short contractions or twitchings of the muscles, and the 
feelings aroused are fully accounted for by the effects of such twitching. 
Crook (1932) has shown that the effects of such electrical stimulation 
show adaptation and it is possible that this effect is due to fatigue of the 
muscles because with the cessation of the twitching the sensory phenomena 
disappear. Afferent nerves may be discharged by electrical stimulation 
when the electrodes are in contact with the nerve, and Heinbecker, Bishop, 
and O’Leary (1933) have shown that by varying the intensity and fre- 
quency of the shocks pressure, prick, or pain may be aroused. Pain may 
be aroused by bodily conditions, as when muscles are spastically contracted 
or in the case of disease which inflames or damages the skin or other part 
or otherwise injures nerve tissue. 

Strughold found the reaction-time for pain to be longer than that for 
pressure in the ratio of 9:2. Pain shows the phenomena of irradiation, 
or spreading, and it masks other experiences such as pressure and tempera- 
ture but is itself qualitatively modified by them. It is attention-demanding 
and reflex-exciting often to the extent of becoming emotional. Pain shows 
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adaptation as indicated by Adrian’s records (1919, 1930^) and as shown 
by von Frey (1897a!), Goldscheider (1917, 1920), and Hoisington (1931). 
Adaptation of pain means reduction in intensity to a painless experience 
of pain quality according to von Frey. It means reduction to a painless 
experience of pressure, according to Goldscheider; and to contact, accord- 
ing to Hoisington. For both Goldscheider and von Frey, contact is a 
pattern (quality) of pressure sense. Burns and Dallenbach (1933) have 
recently shown that pain from the prick of a needle adapts from pain, 
through pressure, or other painless experience, to indifference. It seems 
settled that pain adapts from experience that is painful to an experience 
that is painless and, at least in some cases, continues until there is no 
experience at all. Whether the intermediate painless experience is of pain 
quality, pressure, or contact is not determined. 

Ponzo (1909^) has shown pain to be as accurately localized as pres- 
sure, but von Skramlik (1926) finds that this is not true and believes 
Ponzo to have stimulated both pain and pressure points, which Mayer 
(1926) finds results in better localization than either pain or pressure 
alone. The skin is thought by some to be sensitive to pain only in dis- 
crete points, and Strughold (1923) has found, on areas of the skin sensi- 
tive to pain, an average of from 54 to 175 pain points per square centi- 
meter. These values are entirely too vague to be taken as descriptive 
and there is little or no agreement between various investigators as to the 
number or location of pain points. There is general agreement that, on 
the whole, pain points are more numerous than warmth, cold, or pressure 
points. 

The Problem of Specific Pain Fibers 

Kiesow (1894, 1898) cites an area of the cheek which is insensitive 
to pain either from piercing or electrical stimulation, but it has not been 
shown to be insensitive to pain if stimulated with a very warm point or if 
pinched severely as in the case of accidentally biting one’s self. Von Frey 
(I897i^) cites the lower part of the mouth and tongue and the mucous 
lining of the lips as being free of sensitivity to pain, but Goldscheider 
and Hahn find this to be incorrect. Adrian (1932) reports that he has 
demonstrated that the nerve fiber of a hair-bulb is incapable of arousing 
pain. His stimulus was intermittent contact and he did not cut, break, 
or crush the nerve. This may be a case in point or it may tend to show 
that maximum frequencies of single nerve fibers are not alone capable of 
arousing pain. 

Von Frey (18954) mentions parts of the cornea and conjunctiva, and 
the teeth, bones, and bone lining as parts of the body sensitive only to pain. 
Kant and Hahn (see Goldscheider, 19264) have shown the conjunctiva 
to be sensitive to pressure. Goldscheider and Bruckner (1919) found the 
teeth to be sensitive to contact and pressure, besides pain; and Gold- 
scheider and Hofer (1923) showed the same to be true for mechanical 
stimulation of the lining of bone. There is no part of the body demon- 
strated to be sensitive to either pressure or pain and insensitive to tl^c 
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other. The cornea is of particular importance for our theories of pain 
because, except at the extreme margins, it contains only free nerve endings. 
Nagel (1905-09), Goldscheider and Bruckner (1919), Goldscheider, 
Kant, and Hahn (see Goldscheider, 1926^), and Nafe (1929) have 
shown the cornea to be sensitive to contact and pressure as well as to 
pain. Goldscheider cites a disease of the trigeminal nerve in which in 
some cases the cornea is sensitive only to pressure, and Stein (1925) found 
a case of the same disease in which the cornea was sensitive to pressure at 
moderate intensities of stimulation and to pain at relatively high intensiticft. 

Goldscheider (1894) finds that every pain point in the skin will, if 
activated by a sufficiently weak stimulus, give rise to a sensation of con- 
tact or other painless experience, and further finds that this is true 
whether stimulation is mechanical, thermal, chemical, or electrical (cf. 
Marx, 1925; Sergi, 1892; Rivers and Head, 1908, p. 388). Ziehen 
has confirmed these findings, and Goldscheider (1926Z>, pp. 184 f.) cites 
some of von Frey’s data w^hich support them. Von Frey, however, 
interprets these reports to indicate experiences conducted by the pain system 
but, due to mild intensity, non-painful and does not agree with Gold- 
scheider’s conclusions. Many investigators who accept theories of specificity 
have been forced to posit non-painful pains to avoid this difficulty; among 
them, besides von Frey, are Adrian (1926-27) and Titchener (1919). 
Titchener states that “tlie sensations proceeding from the pain organs ate 
not necessarily painful” and that all pains do not hurt (p. 155), Adrian 
says that “it is conceivable that a momentary stimulation of the pain 
receptor may sometimes evoke a sensation which is not painful” (1926-27, 
p. 49). “Non-painful pain” is not attractive as an explanatory principle. 
Both Titchener and Adrian suggest summation of impulses in some center 
as an explanation of pain, but if we must have summation, or some other 
pattern principle, we do not need specificity. Furthermore, there is no 
real difference between logically reducing pain, by decreasing intensity, 
to a painless experience and raising non-painful experience, by increasing 
intensity, to pain. This attempt to save “pain-organs” must be taken at 
its face value and it seems to constitute a general admission that there 
are no “points” or end-organs which are specific for painful experience. 

Goldscheider has also found that by repetition of subliminal stimuli, 
mechanical or thermal, the points may be made to respond with pain or, By 
less stimulation, may be made to respond with a series of discrete contact 
or other painle^ss experiences (cf. Erlanger and Blair, 1931). He calls 
this pain phenomenon “summation” and cites work of Thunberg (1895- 
96, 1902, 1905) and Adrian as having confirmed this finding. 

By these two experiments, and the demonstration of pressure sensi- 
tivity on the cornea and adaptation of pain to a painless quality, Gold- 
scheider has raised a very strong presumption that pain and pressure 
are mediated by the same system of nerves which he identifies in part as 
those (especially the free nerve endings) lying in the superficial part of 
the dermis and extending into the epidermis. Another group, mediating 
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dull, deep pain, lies in the dermis and subcutaneous adipose tissue. Both 
sets, he believes, are identical with the nerves that mediate pressure. 

Goldscheider is not of the opinion that the phenomena of separation of 
the qualities of pressure and pain are important because the reasons for 
such separation are not known, and against the evidence based upon such 
diseases as syringomyelia and tabes he cites Schiff^s theory of transfoimation 
(summation) of pain in the gray matter of the cord and the corroborative 
evidence produced by Rothmann (1906), Goldscheider (1926^) dis- 
cusses the patterns (qualities) of different kinds of pain and states as his 
belief that there probably are not specific nerves for each. Of the patterns 
themselves he is certain, especially the differences between the bright 
pains of pricking needles, etc., and the dull, deep pains such as those of 
the muscles and as found in myalgia and neuralgia (cf, Kiesow, 1898). 
He believes that most of the terms used to describe pain refer to patterns 
which may be included in three categories: (a) pains mixed with other 
qualities, e.g., cold-pain, warm-pain, smart (heat-pain), severe tension, 
cramp, pressure-pain, etc.; (b) those expressing spatial limitation of the 
pain; and (c) those referring to temporal changes, such as throbbing pains 
and pulsating pains. 

As noted above, experiments of Adrian, Cattell, and Hoagland (1931) 
and Waterston (1923, 1933) demonstrate that the epidermis is sensitive 
to contact experiences. Von Frey (1895^), Goldscheider (1917, 1920), 
von Frey and Hacker (1914), and others, in their work upon pain 
spots, have shown clearly that the epidermis is sensitive to pain. Since 
epidermis contains only free nerve endings it may be safe to conclude that 
these may conduct both pain and pressure sensations. There are, however, 
structural differences among free nerve endings so that the sensitivity 
of the epidermis to both pain and pressure does not altogether demonstrate 
their use of a common nerve path, but it does greatly strengthen the evi- 
dence for that hypothesis. We may also conclude that the corium is 
sensitive to pain. That it is sensitive to pressure is generally accepted as 
true. The hair follicle alone is strong evidence. From the two problems 
cited we cannot conclude that the corium is insensitive to painless experi- 
ences because masking effects are sufficient to account for the absence 
of pressure experiences under the given experimental conditions, i.e., with 
the epidermis removed. The large number of anatomically distinguish- 
able end-organs in the corium still affords many possibilities for specificity 
of function, 

Goldscheider (1926i), having built up a strong presumption against 
two separate systems of peripheral nerves for pressure and pain sensitivi- 
ties, has concluded that pain is intense pressure, but this does not carry a 
sufficiently complete picture of the differences. Pain not only feels 
different from pressure but it shows a very long latent period, so long 
that it is almost inconceivable that pain is correlated with the simple 
activity of individual nerve fibers, it does not approximate Weber's law, 
and it shows summation and irradiation phenomena in a marked degree. 
In all of these respects pain differs from pressure and, while it seems to 
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be demonstrated that the arousal of pain requires more intensive stimu- 
lation than the arousal of pressure, and that pain is more intense as an 
experience than pressure, it is apparent that the nerve impulses cor- 
related with pain must vary from those correlated with pressure in a 
manner that explains the longer latent period and other differences. One 
may postulate differences in the central nervous system, but our immediate 
need is for the knowledge of the variation of the pattern of impulse» 
that makes them different when they arrive within the central nervous 
system, thus furnishing a basis for differentiation from the impulses as- 
sociated with pressure. 

Before the work of Adrian and Lucas, it was thought that the differ- 
ence in intensity between pain and pressure might be reflected in greater 
amplitude of nerve impulses, but the demonstration of the ‘^all-or-nothing” 
principle made such an hypothesis untenable. Adrian’s records (1919) 
show that pain is not to be explained by high frequencies of impulses 
alone nor by low frequencies alone and these findings are reinforced by 
the recent work of Cattell and Hoagland (1931). Adrian (1930/.>), 
using natural stimulation, i.e., stimulation of end-organs in the skin 
with normal stimuli, has found two types of impulses, one with high 
amplitude and traveling rapidly and another with lower amplitude and 
progressing at a comparatively slow rate and with lower frequencies. 
He finds that with stimulation which would arouse pressure sensations in 
a normal human being he gets the faster record and with stimuli which 
would be painful to a normal human being he gets a record of the slower 
ones. He has already shown that high frequencies are sometimes pro- 
duced by (presumably) painful stimuli and low frequencies by (pre- 
sumably) painless stimuli (1930^; Adrian and Zotterman, 1926). The 
recent evidence must be taken as additional proof that high frequencies 
of impulses are not essential to the arousal of pain and that either high or 
low frequencies of impulses may be present in either painful or non-painful 
experiences, and with this Adrian apparently agrees- 

It cannot be successfully maintained that length of time or mere num- 
bers of activated fibers are sufficient to account for the differences between 
pain and pressure. Nor can we look to differences in rate of conduction, 
demonstrated by Erlanger, Gasser, and Bishop (1926), for differentia 
inside the central nervous system. As Adrian (1930/^ p. 346) has pointed 
out, the form of the impulse is determined by the size of the fiber at each 
point, which leaves no opportunity for variation of the rate in a single 
fiber. We are reduced to possible differences in the forms or patterns 
of discharge over a group of fibers. 

Adrian (1930^) has shown that, when a nerve is constantly stimulated 
with a relatively intense stimulus (cut), impulses in the separate fibers 
are sometimes synchronized so that a rapid series of impulses of great 
amplitude are set up at frequencies from 150 to 800 per second. Lillie 
(1914, 1929-30) has strengthened the observations upon his iron wire 
model. The conditions named, continuous stimulation at relatively high 
intensities, seem to fit the conditions for pain. It is possible that such a 
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pattern of discharge as Adrian suggests is distinctive of pain, and that, 
upon a basis of this difference, the impulses for pressure and pain are 
distinguished in the cord or elsewhere in the central nervous system. Ab- 
solute synchronization may not be necessary. It was pointed out earlier 
in the chapter that, as the intensity of stimulation increases, there is an 
increasing tendency toward the simultaneous discharge of individual end- 
organs and this is true whether the fibers carry at a relatively slow or 
rapid rate. It may be that, as the volleys become more distinct and the 
force of each impact increases, the experience becomes more painful, e.g., 
more like a pricking. The action of the central nervous system would 
vary in regard to pain and pressure, then, as the total number of impulses 
delivered at the same instant within a given area increases or decreases. 
With the evidence at hand as to frequency, time, and other variables, we 
must presume that it is some foim of pattern of response that is important. 
Even if such discharges were of frequent occurrence, it is doubtful if 
the records from the whole nerve, as usually taken, would show such an 
effect because these nerves are often carrying discharging fibers from un- 
injured areas as well. This may help to explain our present lack of evi- 
dence for such a correlation. 

But evidence is not altogether lacking. Heinbecker, Bishop, and 
O’Leary (1932, 1933) have shown, in a series of experiments with elec- 
trical stimulation of saphenous and cutaneous nerves, that a single appli- 
cation of a stimulus, regardless of its intensity, does not arouse pain and 
that, with a minimal intensity of shock and a frequency of 12 applications 
in five seconds, it requires ten shocks to produce pain. Seven observers 
in one of the experiments report an experience like tactile sensation at 
low intensities of stimulation and the experience of prick at higher inten- 
sities. The prick sensations arc not themselves painful but if continued 
become painful, a temporal series of continued stimulations being essen- 
tial to the experience regardless of the intensity of stimulation. Because 
the pricks would become painful if continued, they were classed by the 
observers as of pain “quality” and a distinction was made between this 
and the tactile quality of the less intensive experiences but this distinction 
was not made without hesitation and some confusion. In the earlier part 
of the experimentation all observers reported a continuous series of ex- 
periences from tactile to prick (pain) with increasing intensities of stimu- 
lation. When the stimulus was arranged to give only three shocks in a 
series, a series which if continued would have become painful, the three 
are felt as discrete, of equal intensity and not painful. This confirms 
Goldscheider’s observation that any stimulus which arouses pain, if suffi- 
ciently reduced in intensity, will give a painless experience. It was fur- 
ther noted that a stimulation, which if anticipated was painless, was painful 
if given unexpectedly. In a similar experiment upon a dog, a sharp rise 
in blood pressure occurred with the expression of pain. Records of blood 
pressure of the seven observers were not taken. 

This experiment shoWs very clearly that the experiences with which 
these fibers can be directly associated is a series running from pressure to 
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prick. The prick experience in itself is not painful althouji:h it partakes 
of that nature and the seven observers were inclined to call it pain until 
the subsequent experiences, aioubcd by a series of such piicLs, was estab- 
lished. It shows also that a series of experiences of prick becomes painful, 
not that the first prick is weak and the later ones stronj^er, tor it w,is sliown 
that they do not become stronger. Intensive pain, then, is a sun\mation 
effect produced somewhere else than in these particular fibers. This ac- 
counts for the long latent period for it requires time to establish the vol- 
leys, with which we must relate the prick experiences, and requires a series 
of volleys to arouse pain. It also accounts for the fact that pain phe- 
nomena do not follow Weber's law. It means that the problem of pain 
cannot be solved without involving the central nervous system because in 
the peripheral nerve of origin the nearest we come to pain is a sudden 
and intensive pressure which we call a prick. 

Of what summation consists is a problem that lies ahead but apparently 
pain must be given the status of an emotional, certainly an internally 
aroused, experience as Cannon and many others have treated it for many 
years. Whether pain is ultimately to be found to be a corticothalamic 
problem, as Cannon has suggested for emotions in general, or whether 
it can be accounted for by the sensory effects of reflex activity, as suggested 
by the James-Lange hypothesis, will have to await factual determination. 
One of the main objections to the latter hypothesis has been the claim 
that visceral activity is too slow, but, although some of the large organs 
are long in their reaction-times, this is not the case with the vascular 
system and these authors have shown that, in the case of the dog, a sharp 
rise in blood pressure occurred when the overt response occurred. The 
experience of pain cannot be adequately described if we omit the reflex 
activity that is aroused and such activity must be used to explain irradia- 
tion and probably to complete the explanation of summation. 

It must be concluded that it is not reasonable to assume, even though 
one believes it may still be shown to be the fact, that there is a special 
system of nerves that mediate only pain, with end-organs sensitive only 
to painful stimuli. Such an hypothesis has too much for which It must 
account to justify its acceptance as probable at the present time. 

Epicritic AN0 Protopathic Sensitivity , 

Upon a basis of fact discovered during the regeneration of a nerve 
sectioned in his own arm and similar studies of cases of recovery from 
accidental severing of nerve, Head, with Rivers and Sherren (1905, 
1908), published conclusions as to the sensitivity of the skin. They posit 
three systems of sensitivity: ‘‘protopathic” and “epicritic” sensitivity in 
the skin, and “deep” sensitivity in the tissues beneath the skin. Their 
observations upon deep sensitivity were much more direct than others but 
involved little that was new; however, their theory of skin sensitivity 
differs radically from that commonly accepted. The protopathic system 
mediates pain, sensitivity of the hair, cold from stimuli of 26'* C, and 
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below, and warmth from stimuli of 37‘’C. and above. All these qualities 
show punctate distribution m the skin, are poorly localized, and stimu- 
late a great deal of reflex activity. The epicritic system mediates light 
contact, requiring no deformation of the skin, and the milder grades of 
warmth and cold between 26° and 37 °C. These are accurately localized, 
show discrimination of two points, and have certain other characteristics 
peculiar to the system. The two systems diflFer somewhat in distribution 
but markedly in the time required for regeneration. 

As Carr (1916) points out, the authors accept responsibility for two 
propositions: (a) the two groups of qualities are independently variable; 
and (h) when one group appears, all of its qualities must be apparent. 
The sensitivity of the cornea defeats the second point. All investigators 
agree that the cornea is sensitive to pain and is not sensitive to either 
warmth or cold of any degree except at the extreme margins. Carr 
showed, upon other grounds, that the conclusions drawn weie not justi- 
fied by the facts obtained. Von BVey and Kiesow (1914), Gold<cheider 
(1911), and Hacker (1913) have criticized the conclusions, and Boring 
(1916), Trotter and Davies (1909), Dallenbach (1927, 1929), Sharpey- 
Schafer (1927, 1928, 1930), and Lanier (unpublished) have reported 
similar operations upon nerves- The conclusions of Head, Rivers, and 
Sherren are sharply criticized and the original observations fail, in many 
cases, of verification. In the original experiment, protopathic sensitivity 
returned first but it seems only to require stronger stimuli to excite, which 
may be interpreted as due to only a partial return of sensitivity. Epi- 
critic sensitivity returned later. The critics of the theory have agreed 
that the facts fit a theory of a single system better than a dual system. 
Head has not defended his position against the criticisms, and, although 
the theory has been widely accepted, the paucity of factual support and 
the positive evidence against it do not substantiate it. 

Dissociation of Sensitivity by Drugs and Nerve Blocks 

The facts most often cited in proof of separate nerve systems for 
warmth, cold, pressure, and pain are those relating to the abolition of 
some one or more of these qualities without abolishing others. One fre- 
quently cited class of cases is that arising from central lesions, especially 
those found with syringomyelia and tabes. In thcvse diseases there are 
well-defined instances where sensitivity to pain and temperature may be 
lost while that for pressure is retained, although sometimes reduced, or 
only sensitivity to pain may be lost, and Strughold reports a case of 
syringomyelia where the application of cold stimuli was perceived as warm. 
While these cases are of importance to the subject in general, they are 
without particular significance for peripheral sensitivity, because it is evi- 
dent that within the central nervous system there is a redistribution of 
fibers upon some basis coordinate with function, and the findings within 
the central nervous system, for this reason, and because of their incom- 
pleteness, do not give the best evidence. However, the particular problem 
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mentioned also arises in peripheral nerves, e.ji., Thole (1912) has found 
that anaesthesia of spinal nerves abolishes pain, warmth, and cold before 
pressure. 

Chloroform is known to abolish pain and not pressure, and saponin, 
under some circumstances, has been reported to abolish pressure and not 
pain. Goldscheider (1884, 1898) found that a pressure block depressed 
sensitivity to cold and pressure and increased sensitivity to warmth. Fa- 
britius and Berman (1913) found that, with a finger tied off, pain and 
temperature sensitivity disappear after that for pressure. Goldscheider 
and Hahn and Goldscheider and Hofer found that an injection of a 
5“per-cent solution of cocaine abolished sensitivity to cold and pain and 
raised the threshold for pressure. They, and also Dessoir, found that 
a similar solution, rubbed into the skin, abolished pain, raised the thresh- 
old for pressure, but did not affect sensitivity to warmth and cold. The 
experiments upon regeneration of severed or injured nerves cited above 
offer some evidence in regard to such dissociation, and Alrutz presented 
a case of dissociation of tickle and itch on the one hand and pressure and 
pain on the other. There are many other reported cases and there can 
be no doubt about the general facts. But there is nothing in these reports 
to show of what the specific action of these drugs and blocks consists. 
The experiments cited above do not leave us in a position to draw con- 
clusions but to begin an investigation as to why the particular effects are 
produced. In the work with cocaine cited above, it is possible that the 
threshold of sensitivity is raised in both the cases of rubbing and injecting, 
so that in both cases pain is abolished and pressure only reduced. It is 
possible that within the blood stream cocaine causes constriction and 
hence raises the threshold for cold and that in the case of rubbing it 
does not get into the blood stream at all. Although many of these facts 
are known, they have not been brought into relation with sensitivity, and 
until some of the situations are clarified it should not be assumed that 
the phenomena of dissociation of qualities proves anything in regard to 
separate systems of sensitivity. 

Chloroform causes vasoconstriction, which low^crs the temperature of 
the skin. Cold raises the threshold of sensitivity; therefore chloroform 
should, and it does, tend to abolish pain. The constriction should raise 
the threshold for cold and lower it for warmth. Hence we should expect 
chloroform to abolish sensitivity to pain before that to pressure and sen- 
sitivity to cold before that to warmth. It docs both of these things, but 
whether or not for the reasons suggested has not been experimentally 
determined. In the case of cold block, pressure block, and most, if not 
all, of the effective drugs, sensitivity to cold is abolished before sensitivity 
to warmth. Goldscheider finds that in most cases of the application of 
drugs, where these are applied to the skin or injected subcutaneously, sen- 
sitivity to temperature is affected before that to pressure and pain, but 
with intracutaneous injections the effect does not show this cleavage. 
Few other general statements may be made at this time, but these last 
mentioned cases are easily explainable in terms of transportation by the 
blood stream. 
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Gasser and Erlanger (1929) find that the size of the nerve fiber is 
an important factor in cases of blocking. “Pressure exerts its greatest 
effect upon the large fibers, cocaine upon the small ones.” So it appears 
that the specific effect of a nerve block is due to the size of the fiber and 
the nature of the block and not necessarily to functional differences in the 
fibers. Tsai (1931) reports that, with cocainized nerve, impulses in a 
single nerve fiber are normal if of low frequency but high frequencies fail 
to pass as if recovej'y of the nerve were slowed. With ether and alcohol 
the size of the impulses are reduced in the cocainized area as if the ex- 
citability of the nerve were reduced. 


Sensitivity of ]\Iuscle, Tendon, and Joint Cvpsulks 

Golgi in 1880 and Rauber in 1883 first described the afferent organs 
of muscles, tendons, and joint capsules, including the muscle spindles, 
Golgi spindles, and corpuscles resembling, but differing from, the Vater- 
Pacini corpuscles of the skin. Sherrington in 1894 demonstrated these 
structures to be afferent nerve ends or sense-organs. Ruffini^s descrip- 
tion of them is perhaps the most complete. Charles Bell in 1832 first 
posited a separate muscle sense by which he defeated the then-accepted 
notion that sense of position and movement was dependent upon skin 
sensitivity. Beside the endings mentioned above, free nerve endings of 
both myelinated and unmyelinated nerves have now been found in all 
three structures. They have also been found to infiltrate the bony parts 
of the teeth, but, so far as is known, there are no other nerves found in 
bone. Muscle spindles have not been demonstrated to occur in the 
muscles of the tongue or eyes. 

The muscles, tendons, and joints are sensitive to pressure, pain, and 
many patterns such as fatigue, strain, the feeling of a foot ^‘asleep,” etc. 
The pressures are similar to those of the skin and are aroused by pushing 
down upon the surface, or by tensing, straining, or relaxing the muscle. 
Movements of the tongue and eyes are perhaps the best examples of muscle 
sensitivity, as they involve no tendons or joints and a minimum of ex- 
perience from the surface or other parts. It is a remarkably smooth move- 
ment. The pain qualities from muscle vary considerably. Dull pains 
and aches of one kind and another are common, but injury, such as that 
from cutting or stabbing, gives a bright pain. Both types usually throb 
with the pulse. Feelings of fatigue, strain, etc., are common and, although 
they have not been analyzed, they presumably do not differ enough to 
require any special mechanisms. Sensitivity of tendons and joints is more 
familiar to us as part of the experiences of bodily movement. We know 
little of their qualities but the pressure element may be realized if we 
compare moving a finger with moving the tongue. The rougher quality 
of the finger movement presumably derives from the joint or tendon or 
both. 

Sensory experience from muscular movements (kinaesthesis) consists 
for the most part of pressures, characteristically of low intensity and not 
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vivid as are the experiences from the &kin. After havin^j; been learned, 
posture is maintained and movements \cr3' accurately executed without 
being accompanied by much ps5xhological experience from the muscles, 
tendons, and joints, attention following the \asual experiences which usu- 
ally accompany somatic activity. In the absence of vision, howevei, such 
learning may be acquired and maintained at a high level of accuracy. 
Warmth and cold and their combinations wnth other qualities, such as 
smart and wet, are not known, and it is probable that the conditions for 
setting up these experiences are not present in the deeper tissues. Thrills, 
shudders, tremors, and like experiences piobably involve somatic sensi- 
bility to some extent, but how much of such experience may be an accom- 
paniment of nervous activity in the skin and how much is to be correlated 
with deeper sensitivity is now^ known. There are some fairly well-defined 
gross patterns of which W'e are conscious, not as a synthesis of lesser pat- 
terns, which anatomically they are, but as unitary patterns such as breath- 
ing, yawning, dizziness, bodily posture, relative position of limbs and 
other parts of the body, active and passive movement, weight, resistance, 
drowsiness, and many others. 

Without aid from the special senses, one is able to tell, with a fair 
degree of accuracy, the position of the body as a whole or parts of the 
body, such as the limbs, and any movement they may make. Judgment 
of the position of the body and the relative position of the head is com- 
plicated by the sensitivity aroused with activity of the internal ear, it 
being difficult to know how much is due to one and how much to the 
other. Strumpell (1881) has presented positive evidence which point'^ to 
the joints as the most sensitive elements in the judgment of movement for, 
if the muscles, tendons, and skin are slightly anaesthetized, the judgments 
are not greatly affected, but, if the joints are so treated, the judgments 
are much less accurate. Duchenne (1859) presents an opposite case where 
muscular and tactual sense is retained but joint sense lost. It is probable 
that under ordinary circumstances all of these elements and the sensitivity 
of the skin are operative but that the judgment depends more upon the 
impulses from the joints than upon those from other parts. If one moves 
his tongue without touching any part of the mouth, its position is accu- 
rately judged, showing that the articular sensibility is not essential to the 
judgment of position. Movement of the limbs is more accurately esti- 
mated if there is resistance to the action. Galli (1931) has shown that 
the experience of movement on the skin may be created by temporal and 
spatial arrangement of stimuli as with apparent visual movement, without 
actual movement of stimuli. Lorena^ini (1932) in a study of movement 
concludes that there is not a '"sense of movement’^ but an infinity of pat- 
terns varying in their temporal and spatial aspects. 

To the extent that a force is exerted against gravity, a weight is lifted; 
exerted in any other direction, it constitutes resistance. The. accuracy of 
judging resistance is greater for active than for passive resistance, and it 
makes some difference as to the manner in which the force is applied. 
In both cases the subject's judgment improves with practice. All such 
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judgments involve learning. There is no “sense of weight,” but practice 
in estimating, if the errors are noted (usually by the aid of vision), makes 
it possible to judge accurately such position, movement, resistance, or 
weight. Concepts of time and space are in part built upon the experi- 
ences of feeling. Extensity of felt experience and the form of patterns 
actually aroused are both experienced as spatial. Movement and posi- 
tion involve space and peimit the building of a concept upon them. Vision 
has dominated in forming such concepts, and sensory feeling has probably 
done little more than to modify them in a few details. 

Visceral Sensitivity 

Visceral sensitivity is characterized by rather elaborate patterns, each 
typical of some movement or system of movements involving either con- 
traction and relaxation of muscle, or the distention or collapse of an organ. 
These movements may be normal to different systems of the viscera: 
digestive, respiratory, circulatory, excretory, and sexual, or they may be 
symptomatic of abnormal, including diseased, conditions. Less frequently 
there also occur isolated, simpler patterns, or experiences of pressure and 
pain. The stomach and perhaps other smaller areas are sensitive to 
warmth and cold. Because of the apparent insensitiveness of the viscera 
and the long reaction-time to warmth and cold stimuli applied to the 
stomach, Hcitz (1911), Hertz, Cook, and Schlesinger (1908), and Mac- 
kenzie (1922) came to the conclusion that temperature changes were trans- 
mitted to the skin of the abdomen, were there felt, and only localized in 
the stomach. Boring (1915^^ 1915^) and Ganter (1921) proved this 
to be wrong. According to Ryle (1926), although the feelings aroused 
in the viscera are vaguely felt, they are rather accurately localized except 
in the cases of “referred pains.” Boring found that sensitivity aroused 
in the esophagus is likely to be localized toward the throat or abdomen. 
Normal and abnormal conditions in the stomach and intestines are well 
localized except in the case of blocks in the intestines, where localization 
becomes inaccurate as the effects of the block spread. Head showed that 
when a place of low sensitivity which lies near a place of greater sensi- 
tivity is stimulated painfully, the experience is felt at the place of greater 
sensitivity if the two places are supplied by the same spinal nerve. This 
phenomenon is known as “referred pain,” but many of the cases cited 
appear to approximate the phenomena of irradiation, and Lapinsky (1905) 
has recently concluded that this is the case for all referred pain. 

Most of the efferent nerves supplying the viscera are autonomic and 
most of the afferent fibers are carried in the vagus, but there are other 
myelinated and unmyelinated spinal afferents. Most of the afferent im- 
pulses involved in visceral reflexes are not accompanied by conscious states 
with which they may be correlated, and Lennander (1906^) and Mac- 
kenzie (1922) would include all such afferent impulses carried by the 
vagus upon the general theory that sensitivity is correlated only with the 
impulses mediated by spinal nerves. This position is supported by the 
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work of Moore and Moore (1933) and Mooie and Sinj^leton (1933), 
who have made a study of pain in connection with arteries and have con- 
cluded that the sympathetic trunks and splanchnic branches carry pain im- 
pulses from the abdomen. IMackenzie states that the natural processes 
that produce pain in the viscera are spastic contractions which set up 
impulses in spinal nerves. It is often asserted, upon the evidence from 
surgery, that many visceral organs may be cut, burned, pressed, stretched, 
or torn without responses indicative of pain on the part of the organism 
(cf. Simenauer, 1927). The inference that under normal conditions these 
organs are wholly insensitive is not universally accepted. Ducceschi is 
reported by Luciani (1917, p. 65) to have found the outer lining of a 
cat’s stomach sensitive to mechanical, thermal, and electrical stimulation 
even under the conditions of a surgical operation and that this condition 
remains if both vagi are cut or both splanchnics and disappears only when 
all four are cut. He also found, after the animal had been open for about 
two hours, that there is a noticeable increase in the sensitivity of the 
stomach and a decline in cutaneous sensitivity. A slight tap on the stom- 
ach causes vigorous reactions, but there is no reaction to strong mechanical 
stimulation of the skin. Luciani concludes that the earlier findings are 
artifacts due to surgical shock. 

Cannon and Washburn (1912) have shown that hunger is correlated 
with the movements of the stomach musculature, (iastric pain appears 
to be due in part to spastic contractions of the rauscularis, apparently in- 
cluding many of the same muscle and nerve elements involved in hunger 
contractions (Carlson, 1912). Boring (1915^^) has shown the alimentary 
canal to be sensitive to warmth, cold, pressure, and electrical stimulation. 
Payne and Poulton (1927) shov’ed it to he sensitive to pressure and pain 
from distention or stretching. Hertz, Cook, and Schlesinger (1908) be- 
lieve most of the phenomena of visceral sensitivity to be due to tension 
rather than to distention. In spite of the apparent insensitivity of the 
stomach to surgical manipulation, it is sensitive to warmth, cold, pressure, 
pain, hunger, nausea, colic, fullness, and many other conditions, if nor- 
mally stimulated. In pathological states the stomach may remain empty 
for days without arousing hunger, or a patient may experience intense 
hunger with a full stomach. The intestines and many other organs are 
sensitive to pain in strong contraction and in limitation of the blood 
supply, and to pressure and pain in distention. 

Changes in the normal activity of the heart may be felt. It has been 
suggested that the sensitivity may lie in the thoracic wall, but abnormal 
contractions of the heart are felt as such. Shortening of the blood supply 
of the heart arouses intense pain in the heart itself and in the thoracic 
wall. Some circulatory effects are referred to the heart, and in diseased 
heart conditions there sometimes arise feelings of anxiety not referred to 
the heart- 

Stimulation of the blood vessels arouses pain, and diseased conditions 
may cause spastic contractions of the vascular muscles and extreme pain. 
Spiegel and Wasserman (1926) report that distention of the aorta and 
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constriction or distention of the peripheral vessels give rise to severe pain. 
The aorta, with very little muscle, does not give pain under conditions for 
severe constriction, which tends to show that the pain depends upon the 
action of the vascular muscles and not upon organs of the walls of the 
vessels. Odermatt (1922) showed that distention or deprivation of blood 
in the peripheral arteries arouses pain. Bazett and McGlone (1928) 
report that puncture of an artery gives rise to a dull, diffuse pain and 
flashes of warmth and cold. The arteries of different parts differ, but 
those in the subcutaneous adipose tissue are more susceptible to the warmth 
and cold phenomena than those of the dermis. 

The hypothesis of specialized end-organs and nerves receives scant sup- 
port. Many visceral pains do not occur at all until the subject is well 
advanced in years or may never occur if the corresponding pathological 
condition is not aroused. It is difficult to understand why a specialized 
nerve, inactive over such a long period, should not atrophy. The answer 
obviously is that the same fibers normally aid in the transmission of non- 
painful patterns and only in the case of an abnormality does the pattern 
for pain become foimed. With all the evidence for visceral sensitivity 
there is no evidence for a “visceral sense/* All of the more complex 
patterns are peculiar not only to the viscera but to a specific organ, and 
each is very different from the rest. We must assume that all find their 
bases in the pattern or form of discharge of the afferent nerves. Even 
an explanation in terms of components must assume that the components 
are the same for the viscera as those found in the sensitivity of striped 
muscle and skin. 

Affective Qualities 

The affective experiences may be wholly or partly bodily in origin. 
At moderate intensities they are vaguely felt and poorly localized, but 
at greater intensities they are less difficult to observe. The difficulty in 
observation arises from the fact that such feelings are reflexly aroused and 
are conditioned to the perception of some object or state. When atten- 
tion shifts from the pleasant object to the feeling of pleasantness for itself, 
the feeling disappears with the pleasant object. Consequently, one is 
forced to contrast the whole of a pleasant experience with a similar ex- 
perience that is neutral or unpleasant and to note the differences. Direct 
observation becomes easier when affective experiences become more tan- 
gible as thrills and similar experiences or verge into emotional states. 
Pleasantness, as a psychological experience, consists of a pattern of discrete 
bright points of experience in the general nature of a thrill but usually 
is much less intensive. It is vaguely localized about the upper part of 
the body. Unpleasantness is similar but characteristically duller, heavier, 
more of the pressure type of experience, and is localized toward the abdo- 
men or the lower part of the body^ (Hunt, 1931, 19316; Nafe, 1924; 
Young, 1927) . The essential principle is contained, at least in part, in 
Stumpfs Gefilkhempfindung (1906). The problem of mixed affective 
feelings remains unsolved. There is no apparent reason why elements 
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of the two patterns should not be present at the same time. The avail- 
able evidence tends to show that they never are, and such evidence sets 
up a presumption of functional opposition in the conditions icquisite to 
the arousal of such patterns of experience (see Chapter 7 of this volume). 

The Quantitative Theory of Feeling 

Johannes Muller, when he enunciated the doctrine of specificity, was 
attempting primarily to establish the fact that our experiences of the 
outer world depend upon the mediation of the nervous system, and 
Charles Bell, when he posited a separate “muscle sense,” was interested 
primarily in introducing the idea that our perceptions of posture, bodily 
movement, etc., are not dependent upon the nerves of the skm. Both 
of these objects were attained long since, but there seems to be difficulty 
in disengaging an idea from its carrier even after the idea itself has taken 
root. So with these two concepts we have acquired a plurality of senses 
of feeling: {a) the cutaneous “qualities” — pain, pressure, cold, warmth, 
and perhaps others; and {b) another group of senses characterized by 
anatomical location — muscle sense, joint sense, visceral sense, and cuta- 
neous sensitivity itself. Neither of these men offered proofs for such dif- 
ferences as these, and, in spite of the fifty years of search along these 
lines, the case for specificity, as it is now interpreted, i.e., a specialized 
system of nerves and end-organs for every type of sensitivity, has grown 
noticeably weaker (cf. Hoagland, 1932<z). The recognition of sense de- 
partments upon an anatomical basis only involves the naming of an 
indeterminate number of anatomically distinguishable parts of the body. 
There is no denial of the fact that the nerves which supply muscle are 
anatomically separate from those which supply the skin, but Bell was not 
attempting to make such a distinction and it is without importance for 
Psychology. 

The patterns of discharges set up in the end-organs involved in sen- 
sitivity to warmth and cold evidently are impossible to attain within 
striated muscle as are the patterns for hunger and nausea in structures 
other than the musculature of the stomach but this does not involve speci- 
ficity of the end-organs and nerves. It may well be that the hair-bulb 
and its nerve termination are incapable of setting up the pattern for pain 
and the capsulated endings may lie too deep in the tissue of the skin 
to be involved in a pattern of cutaneous tickle. If the end-organs for 
hearing were exactly like those of the retina we would never see anything 
with them, not because they would be specific but because of their lo.ca- 
tion. The capsulated end-organs of the skin, with their threefold inner- 
vation and relatively large size, are undoubtedly affected by skin tension 
in a manner different from the free nerve endings, but even that does 
not fall within the meaning of specific end-organs unless it can be shown 
that they are susceptible to a single type of stimulation and their activation 
always results in a certain type of sensation. If thermal effects are medi- 
ated by the muscles of the blood vessels, there would seem to be only 



1078 HANDBOOK OF GENERAL EXPERIMENTAL PSYCHOLOGY 

two real modes of stimulation: tension and injury, and, for the end- 
organs, only tension. With only one type of stimulation possible what 
room is left for specificity and what need for it? For every different type 
of stimulus object a different pattern of excitation is set up. What dif- 
ference would it make if the end-organs were specific? If all pains were 
alike and all pressures alike, we could perhaps deal with specific fibers 
but no two pains are alike and no two pressures, so if we grant specificity 
we must still invoke differences in the pattern of excitation to account for 
the differences in experience. 

This theory has been called ‘"quantitative” to distinguish it from theories 
which posit differences in experience which are not due to variables capable 
of quantitative expression and which are incorrectly called “qualities,” 
incorrectly because they are given the attributes of different modalities or 
different senses, in that different end-organs, nerves, and cortical areas, all 
specific to the particular type of experience, are posited. As to differences 
in intensities, extensities, etc., and in mixtures and fusions of qualities, 
there has been little or no disagreement with the proposition that they 
are correlated with neurological differences which may be quantitatively ex- 
pressed. It is the concept of “quality” as defined above that is here chal- 
lenged for lack of sufficient evidence. The experimental evidence as it 
now exists forces the hypothesis that all differences in common sensation 
depend upon quantitative, i.e., temporal and spatial, differences in the pat- 
terns of a single fundament, the nervous impulse which, for purposes of 
analysis, must be taken as the basis of nerve action and psychological ex- 
perience alike. 

Auditory stimuli furnish an analogy: all variations are variations of 
one element, the air wave and, except for intensity, the temporal patterns 
in which the waves occur account for every difference from the merest 
squeak to the most elaborate musical recital. A single phrase is only less 
elaborate as a temporal pattern of air waves than a piece of music, a 
chord is still lep elaborate, and in a single tone the same is true- Even 
a pure tone, with no overtones, is only a very simple pattern and varies 
from another pure tone only in temporal relations, i.e., vibration fre- 
quency. Even the spatial difference of localization is represented by tem- 
poral relationships of waves at the two ears. 

In sensory feeling, specificity of the pattern of discharge, and hence of 
the quality (in its proper meaning) of experience, depends upon change 
in the tissues in which it is aroused.. A certain wave of muscular tissue 
is felt as hunger and is not aroused in any other part of the body, not 
because of a specific end-organ or nerve that has been excited. In just 
such a manner, warmth is aroused only by certain movements of vascular 
muscle, but such a specificity is a concept entirely apart from that of end- 
organs specific for certain types of stimuli. A cut nerve may set up a 
feeling of pmn without any end-organ whatever, but not without the 
special conditions existing at the severed end. The result for our theories 
is to make experi^ce, not a matter of the addition of impulses from cer* 
tain types of nerves, but a matter .of the arrangement of impulses in a . 

system of nerves. 
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Sponge, Vertebrate) 


[ 1104 ] 



SUBJECT INDEX 


1105 
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Anxiety and thirst, 25+ 

Ape, insight, 509 

Aphasia and cerebral function, 472, 478 
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syntactical, 480 
Appetite vs, hunger, 247 

as positive and negative expectation, 
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Apraxia, 479 
Area and flicker, 850 
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time, 631 
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neural mechanism, 963 
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Autonomic control of viscera in emotion, 
275 

effectors influenced by labyrinth, 208 
nervous system, 161, 267 

antagonism of two divisions, 275 
divisions, 267 
in emotion, 339 
motor exclusively, 267 
and skeletal muscle, 190 
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Backward association, 555 
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Basilar membiane, 927 
fibers, length, 954 

number vibrating for one lone, 
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457 
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Bidwell’s ghost, 867 
Binaural beats, 900 
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relations, 689 
criteria of depth, 694 
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fusion, 690 
integrations, 867 
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Bird, nystagmus, 212‘ 
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emotion, 328 
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Boring’s theory of hearing, 930 ' 

Brain evolution and learning capacity, 
463, 466, 468 
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vertebrate, 161 

weight, ratio to body weight, 469 
Brightness (See BrilHmce) 
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Brilliance, 655, 808 
adaptation, 673 
contrast, 671 
Fechner function, 668 
function of intensity, 668 
spatial factors, 670 
time, 671 
wave-length, 665 
composition, 670 
growth and decay, 672 
measure, 655 
psychophysics, 664 
and size, 671 
spectrum, 794 
threshold, 668 
Bulky color, 657 

Bunsen and Roscoe law, 14, 671, 707, 
710 

Calcarine cortex in vision, 698 
Cat, auditory mechanism, 962 
decapitated, 228 
decerebrate, 289 
decorticate, 286, 291, 294 
defecation, conditioning, 411 
labyrinthectomy, 224 
postural reflexes, 228 
retinal potential, 840 
C^aterpillar, heart beat and temperature, 

Catfish, common chemical sense, 1004 
lateral line receptors and temperature, 
65 

taste organs in skin, 1005 
Central integration 477 
nervous functions, 176 
system, 161 

spontaneous activity, 69, 386 
vs. peripheral processes in habit, 481 
reverberation, 182 
Cephalopod, retinal potential, 864 
Cerebellum and postute, 231 
(See also Decerebellate) 

Cerebral cortex (See Cortex) 
Charpentier's bands, 672, 866 
Chemical master reaction, 60, 64, 68 
mediation between nerve and muscle, 
175, 191 

neurones, 189 
pace-makers, 59 
sense, common, 1004 
senses, 987 

sensitivity, animal and human, 1010 
Chemoreceptors, 990 
common characteristics, 991 
receptive substances, 991^ 1027 ‘ 
sensory cells, 995 

Chick, maturation vs. practice in peck- 
ing, 376 


Child, conditioning, 408 
leminiscence, 543 
(See also Infant) 

Chroma, function of intensity, 683 

time, 686 

wave-length composition, 676 
scale, spectral, 675 
spatial determinants, 684 
(See also Color) 

Chromatic adaptation, 687 
attributes, psychophysics, 674 
colors, 655 
contrast, 686 

! dimming phenomena, 688 
flicker, 687 
zones, 685 
Chromosomes, 115 

conjugation and reduction, 318, 139 
crossing over, 127, 139 
X and y, 137 
Chronaxie, defined, 164 
and emotion, 339 
and synapse, 182 
Chna, dark adaptation, 721 
phototropism, 40 
reaction time, photic, 714 
Circus movements, 6, 12 
Closure, law, learning, 486 
Cochlea, anatomy, 927 
Cochlear electric response, 970 
audiograms, 973 
combination tones, 972 
fatigue, 974 
latency, 975 
localization, 970 
microphonic, 962, 969, 970 
and organ of Corti, 976 
as passive response, 976, 983 
Cockroach, learning and temperature, 
539 

Coefficient of visibility, 666 
Coelcnterate behavior, 464 
nervous sjjstem, 156, 464 
Cold sensation, and muscular contrac- 
tion, 1055 

paradoxical, 1053, 1056 
and vasoconstriction, 1054 
spots, 1050, 1053 
stimulation of labyrinth, 216 
Color, binocular relations, 689 
blind, spectrum, brightness,- 818 
visual acuity, 777 
blindness, 688, 817 
complementary, 677, 799 
definition, 655 
film, 657 
flicker, 744 
measurements, SOS 
mixture, binocular, 690, 792 
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and brain, 792 
and brightness, 799 
three-component, 678, 683, 788, 8U6 
triangle, 679 
two-component, 677 
modes of appearance, 657 
saturation, 655 ^ 
solid, psychological, 655 
surface, 657 
theory, Hecht, 80+ 

Bering, 791, 817 
three-receptor, 792, 80+ 

Young, 790 

white, standard, 660, 795, 807 
zones, 685 

(See also Chroina, Hue, Cone) 
Colorimetric purity, least perceptible, 
801, 810 

Colois, primary, 656, 795 

excitation curves, 797, 807 
vs. the four taste qualities, 1026 
Grundcmpfmdungen, 798 
relative amounts in spectrum, 796 
Combination tones, 899 
Comic, 324 

Common chemical sense, 100+ 
Competition, law, work decrement, 61+ 
Complementary colors, 655, 677, 799 
Completeness of response, learning, 486 
Conditioned inhibition, 442 
reaction, blood, immunity, 413 
components, 431 
defecation, cat, 411 
electrical skin, 404, 442 
eyelid, 388, 398, 419, 425, 426 
fetal ‘‘kicking,” 407 
food-taking, child, 407 
gastric secretion, 276, 383, 409 
knee jerk, 392, 426 
plantar, 394 
pulse, 404 
pupillary, 398, 427 
respiratory, 401, 431 
salivation, 385, 387, 410 
sleep, dog, 411 
urination, 411 
vasomotor constriction, 404 
voice, rise in pitch, 405 
vomiting, 411 

withdrawal of finger, 397, 420 
foot, 396, 433 
hand, 422 

(See also Unconditioned remiton) 
refiex, 382 
Achilles, 395 
alpha and beta, 431 
anticipatory character, 388, 392, 433 
applications, 447, 449 
chain, 424 


characteristics, +24 
children, 408 
delayed, 421 
disinhibition, 4*40 
extinction below zero, •404, 438 
experimental, 436, 484 
vs. forgetting, 438 
generalization, 445 
vs. higher mental processes, 448, 469 
historical, 382 
inhibition, conditioned, 442 
of delay, 4+4 
differential, 447 
external internal, 436 
extinctive, 436 
intensity law, 487 
irradiation, 445 
latent period, 388 

difference for alpha and beta, 431 
vs. unconditioned, 429 
vs. voluntary act, 429, 431 
and learning, 424, 4+9, 469, 562 
rate-of-acquisition curve, 424 
vs. learning curve, 425 
recovery, spontaneous, 449 
retention, 43+ 
second-order, 422 

Shipley’s indirect conditioning tech- 
nique, 423 
summation, 434 
third-order, 423 
trace, 422 

and rote learning, 449 
and volition, 417 
stimuli, 416 
absolute, 424 
compound, 417 
hypnotic suggestion, 413 
list of, 416 

temporal pattern, 417 
time interval, 417 
and unconditioned stimuli, 387 
Conditioning, backward, 419, 557 
contiguity law, 418 

function of stimulation sequence, 418 
Conduction, 163 
with decrement, 170 
and learning, 473 
membrane theory, 167, 171 
nerve trunk vs. reflex, 176, 186 
rapid, necessary for coordination, 192 
rate, pain, 1067 , 

similar ih nerve and muscle, 163*173 
time, 181 

Conductivity, definition, 155 
Cone primaries, 805 
Cones, and brightness, 808 
color mixture, 806 
excitation curves, 805 
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saturation, 809 
thiee kinds, Hecht, 805 
wave-length discrimination, 812 
white values, 808 
Conflict, neural, and eflFort, 645 
Consonance, 902 
theories, 903 

Consummately reaction and learning, 
AU 

Contiguity, law, 483 
Contraction, muscular, 173 
Contralateral reflexes, 233 
Contrast, hiilliance, 671 
chromatic, 686, 860 
temperatuie sense, 1052 
Cornea, sensitivity, 1053, 1057, 1061, 
1065, 1070 

Cortex, auditory area, 968 
electiic responses, 982 
lesions, in aphasia, 472, 478 
behavioi defects, 477 
dynamic interpietation, 479 
relative fragility of functions, 480 
threshold increase, not absolute loss, 
479 

CortI, aiches of, 928 
organ of, 964 

cochlear electric response, 976 
and “place” theory of pitch, 984 
projection in nervous system, 965 
Cortical retina, 478 
Corticalization, 235 
Crab, geotropism, 33 
Cretinism, heredity, 133 
Cricket, chiiping rate and temperature, 
63 

Crista, ampullar, 204, 225 

Critical frequency of pulsation of tone, 

897, 901, 940 

Ciossed extension reflex, 179, 180 
Crying, 323 
voluntary tears, 325 
Cupula, 204 

movement, during acceleration, 205, 
212 

Current of injury, 166 
Curve, facilitation and inhibition, 607, 
608, 633 
learning, 500 
Vincent, 500 
work, 580 

vs* learning curve, 614, 616 
Cutaneous sense qualities, number, 10 H 
evidence from drugs, 1042, 1070 
histology, 1042 

mapping, 1042, 1050, 1053, 1060, 
1064 

nerve blocks, 1070 
senses, 1037 


(See also Skin) 

Damping, 943 

Daphnid) gill movement and tempeia- 
ture, 65 

Daik-adaptation, 55, 673, 719 

Deafness, 913 

Death feigning, 92 

Decapitate mammal, posture, 228 

Deception, detection by blood pressure, 

329 

respiiation, 332 

Deceiebellate mammal, postuie, 229 
Deceiebrate mammal, affective signs, 
289 

gencial behavior, 178 
leaining, 470 
postuie, 228 

Decerebiation, definition, 287 
Decibel, definition, 891 
Decorticate mammal, 229 
emotional behavioi, 286, 291, 294 
pleasuie, absence of, 295 
Decrement, nerve conduction, 170 
(See also /f^ork dcircrnent) 

Deep sensitivity, Head’s theoiy, 1069 
Defecation, conditioning, cat, 411 
Defectives, heredity, 134 
Delay, inhibition of, 444 
Delayed conditioned reflex, 421 
instincts, 461 

Density of nerve discharge, 1040 
Determinism, 39, 143 
Deuteranopia, 688 

Development in absence of stimulation, 
salamander, 368 
behavior patterns, 457 
effect of endocrines, 368 
intelligence, 462 
maturational hypothesis, 353 
organizers in embryo, 366 
synchronized, 372 

Developmental schedules in fetus and 
newborn, 353 
Dichromatism, 688 

Diencephalic process theory of emotion, 
305 

DiflFerential inhibition, 447 
Dimming effect, 688 
Dioptric process, 663 
Diplacusis, 884 
Diplopia, 695 

Discrimination, intensity, light, 759 
sound, 889 

Discrimination, mechanism, 97 
pitch, 885 

two points on skin, 1059 
Disinhibition, 440 
Disparation, 694 
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Dissociation ol sens its viLv bv (jiiijJi,s an.' 
neive blocks, 107U 
Dissonance, 902 

Distance, inonoculaj and binueulai tn- 
tciia, 694 

perception, 05 X, o64, t)90 
Distortion, noii-hiaai , 972 
Disti action, 032 
b\ noise and (junl, o37, 92U 
and ietiaet(n\ pbase, o33 
lesistance to, o5S 
time lelations, 632 
!)) weak stimulus, 63*1 
Disiiibutiou oi inactne, leainintj,, 51b 
and perst \ ei ation, 521 
prosiessi\e, 521 
Distui bailee, jn opaiiaied, 164 
Dojti., conditioind lellcxes, Ji53 
eyelid, 3X11 

j^astne secretion, 276, 3S3 
rate ot ioimaiion, 467 
salnation, 3S5 
withdrawal ol toot, 396 
cortex, visual, X59 
decapitated, 22S ^ 
decorticate, emotion, 2S6, 201 
pleasure, absence, 295 
inheritance ot beha\i<n tiaits, 364 
James-LanKt* thi'oiv, expei intent, 3(U 
thirst, 26U 

Dominance in here<lit>, 122 
Drainaji:c theoiy, 491 
Diive, phjsiolojtical iuisis, 1M5 
and ajipetite, 262 

DfOsop/uIft, li^ht-intensiiN tiiseriiniiia- 
tion, 763 

visual acuity, 77X 
Duration, judgment ot, 69 
of sensation, nno 

Dytiscu , pholorec<*i>tor pi mess, X36 

Ear, anatomy, 925 
Karly training;, importance, 142 
ICchinoderins, nervous svsKmii and be 
havior, 464 

ICcl, action potential, eye, H34 
ihythmicity, S57 
EHiciency, curve, 59X 
factors, 62H 
thicruation, 597 
Kii’ort, 639 
and attention, 641 
curve, 642, 643, 644 
definition, 639 
and distraction, 63H 
intellectual work, 641 
ineasmre, 640 

and muscular tension, 641 
and writing pressure, 639 


Kleclrit expression or emotion, 340 
natuie of excitation, 163 
1 espouse (See dilion poU'nIial) 
sliin reaction, 34 0 
conditioning, 404, 442 
sfiiiuiiation, conscious effect, lui>3 
i‘ k( tiomyogram, 165, 166, 174, 191 
i iiicigcncc theojy, 4 
Emotion, 264 
adieiial glands, 279, 336 
in anaesthesia, 297 
uutoiioinic (ontiol of viscera, 275 
iifivous system, 339 
idood changes, 330 
clotting, 3S4 
pressuie, 328 
led coiiHiscles, 383 
sugai, 2u4 
volume, 327 
l»<>clil\ activity, 326 
central mechanisms, 285 
ceiebium, 285, 305, 339 
inhibitoiv action, 292, 299 
Cl ltd ia, 313 

m de<‘oi th’ate mammal, 2X6, 291, 294 
definition, 313 
ami digestion, 276 

and emeigencv function ot sympathico- 

iidienal system, 278 

endocrine role, 338 

and feelings, 343 

future research, 347 

gaslro-inteslinal activity, 334 

glycogen, 284 

gonads, 338 

heart reactions, 3 31 

hypothalamus, 288 

James-Eange theoiy, 300, 334 

metabolic late, 333 

methods of study, 312 

neuro-humoral basis, 264 

paralysis, 298, 303 

pituitary gland, 337 

piimitive nature, 285 

respiratory reactions, 331 

spleen, 283 

stomach and intestine, motor activity, 
277 

subcortical base, 285, 297 
sympathetic discharge s>mptoms, 287 
ami thalamus, 288, 304, 338 
theories, 299^ 
iHeiuephalic, 305 
thyroid gland, 337 
visceral nerves, 265 
resjmnses, 327 

voluntaiy manifestations, iu7 
suppu'ssimi of, 283 
(See also Ups ft) 
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Emotional expiession, 312 
electrical, 340 
infants, 321, 327 
and language, 313 
learned or innate, 313, 347 
mimetic, 315 
principles, 314 
antithesis, 314 
Darwin’s, 314 

direct action of the neivous sjs 
tern, 314 
James’s, 315 

serviceable associated hahiis, 314 
Wundt’s, 315 

lecognition of, learned, 313 
vocal, 323 

(See also Facial expression) 
Eacephalization, 192, 285 
End spurt, 62i 

Endociine glands and emotion, 33H 
types, heredity, 133 
Endociines in development, 36S 
in learning, 485 
sex hormone, 461 
sympathin, 270 
(See also Adrenin) 

Endolymph, movement, 205, 208, 217 
ainpiillofugal and ampullopetal, 212, 
218 

Energy, tianstonnations, in work, 573 
Engram, localization, 472 
Entoptic phenomena, 692 
Epicritic, proiopathic and deep sensi- 
bility, 1069 

Equilibration in fatigue, 173, 980 
Ergograph, 579 
Eugenics, 134 

Evolution, corticalization, 235 
eacephalization, 192, 285 
labyrinth, 225, 234 
learning, capacity, 463 
limits, 468 
rate, 466, 468 
nervous system, 156 
neuro-muscular, 155 
simple habits, 467 
Excitability, definition, 155 
Excitation, 163 
chemical mechanics, 991 
definition, 989 
an electric process, 163 
time, 164 
wave of, 164 

Excitatory agent, definition, 989 
process, local, 163 
substance, 175, 190 
Exercise, law, learning, 483 
Exhaustion, general, 625 
psychoses, 625 


Expectation, negative and positive, 262 
Exposure period, 714 
Expiession, definition, 312 
Extinction below zero, 404, 438 
expel imental, 436 
vs forgetting, 438 

Extia-neuromc fartois m integration, 
462 

Eye, action potential, 829, 834, 841 
anatomy and physiology, 661 
ciohs-section, 661 
movement, fatigue cui\e, 591 
and motion impiession, 697 
muscles, labyiinthine reflexes, 209 
optical defects, 664 

Evelid, conditioning, 388, 398, 419, 425, 
426 


Facial expiession, anatomy and physi- 
ology, 316 

expel imental studies, 320 
inteipietation, 317 
Gestalt theory, 320 
relation to emotion, 326 
sex difierence, 321 
Facilitation and distraction, 632 

frequency of stimulation, 607, 632 
time relations, 632 

of a simple function by an intellectual 
one, 636 
Fatigue, 579 
and accuracy, 597 
auditory, 915 
efficiency curve, 598 
equilibration, 173, 980 
exhausthm, general, 625 
psychoses, 635 
feeling, 599, 603 
curve, 600 

and ficquency of stimulation, 172 
maintainable level of work, 583 
ergographic, 583 
intellectual, 595 
speed, 586 
muscle, 172 
nerve, 172 

products, chemical, 602 
reflex arc, 183 
rest periods, 584 
sensations, 603 
sensory, equation, 1029 
sleep, lack of, 627 
and will, 626 

(See also iVork decrement) 

Fear and adrenal secretion, 28(» 
in decorticate cat, 294 
and thirst, 260 
Fcehner function, 669 
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neural mechanism, 474 
nature of the elements, 477 
reaction, 476 
stimulus, 474, 493 
peripheral fvs. central, 481 
Hearing, 880 
bone conduction, 900 
Boring’s theory, 930 
composite theories, 933 
critical frequency of pulsations of 
tone, 897, 901, 940 
limits, 884 
physical aspects, 924 
physiology, 962 

relative phase experiments, 942 
resonance hypothesis, 933, 946 
reply to criticisms, 954 
silence, 952 

sound-pattern theories, 929 
sound-wave theories, 930 
telephone theories, 929, 958 
theories, 929 

and animal experiments, 936 
evidence from electrical experi- 
ments, 983 
models, 938 
pathological, 935, 984 
physiological, 934 
Troland’s theory, 934, 958 
vs, vision, 924 
volume theory, 931 
Watt’s theory, 931 
(See also Audition) 

Heat i^rill, 1055 

Hereditary Genius, Oalton’s 135 
Heredity, 109 
all-or-none principle, 118 
chromosomes, 135 
crossing over, 127, 139 
dominance, 122 
and education, 140 
human, 131 

individual differences, 139 
laws, Oalton’s, 135 
vs. Mendel’s, 136 
Yule’s, 135 
sand learning, 546 
linkage, 130 
and maturation, 362 
and memory, 109 
Mendelbn, 1X5 

sex-linked character, dichromatism, 
689 

modifiers of characters, 126 
multiple-factor, 127 
of neural patterns, 457 
and psychology, 131 
pure-line hypothesis, 136 
recessive, 126 


regression toward mediocrity, 136 
segregation, 125 
twins, 137 
unit characters, 140 
(See also Chromosomes, Gene, Gene^ 
tics, Inheritance, Selective breeding) 
Homing, Onchidium^ 10 
Homostrophic reflex, 15 
Hopping reactions, 233 
Hormone, sex, effect on nervous system, 
461 

Horopter, 694 

Horse, inheritance of speed and pattern 
of locomotion, 364 
Hue, 655 

discrimination, 802, 812 
number of cones active, 812 
extra-spectral, 678 
function of wave length, 674 
Hunger, 247 
abnormal, 1075 
and alcohol, 252 
vs. appetite, 247 
automatism of stomach, 253 
and behavior, 92 
and blood sugar, 253 
and emotion, 252 
and nervous system, 248, 252 
pangs, local origin, 249 
pattern, 1037 
rat, 96 

rhythmicity, 249 
sensation, 248, 253 
and sleep, 252 
theories, 248 
and thirst, 247 
and tobacco, 252 

Huntington’s chorea and heredity, 134 
Hypnosis and inhibition, 445 
retention, 538 

Hypnotic suggestion and conditioned re- 
flex, 413 

Hypothalamus and emotion, 288 
and sympathetic discharge, 289 
Hysteroneurasthenia, 626 

Illusions of motion, 697 
optical, 692 
stroboscopic, 696 

Imagery, motor vs, central theories, 481 
Immobility, tonic, in arthropods, 92 
lizard, 94 

Individual difercnces, heredity, 139 
learning rate and retention, 528 
taste of phenyl-thio-carbamide, 1027 
and training, 550 
work-decrement, 582 
Induction, in vision, central mechanism, 
860 
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spatial, 860 (See also Contrast) 
successive, 863 (See aiso After- 
image) 

Ineitia of the nervous system, S-IS 
Infant, conditioning,^ food-taking, 407 
emotional expiession, 321, 327 
righting reflexes, neck, 221, 235 
sucking, 407 

Inheritance of acquired traits, 109, 362 
experiments, 110 
negative data, 363 
age of pubescence, mouse, 365 
rat, 366 
cretinism, 133 
criminality, 3 34 
deficiency, mental, 134 
eye coloi, 136 

hunting behavior, dogs, 364 
Huntington^s choiea, 134 
insanity, 134 

locomotion, speed and pattern, horse, 
364 

taste-blindness, 1027 

wildness and sayageness, rats, 363 

(See also Heredity) 

Inhibition, conditioned, 442 
of delay, 444 
diflFerential, 447 
and disinhibition, 440 
drainage theory, 491 
external, 436 
extinctive, 436 
and facilitation, 632 
generalisation, 446 
and hypnosis, 44S 
internal, 436 
irradiation, 446 
reflex, 179, 184 
retinal, 852 
retroactive, 533 
similarity factor, 535 
second-order, 444 
and sleep, 445 

and summation, interplay of, 854 
time relations, 632 
curve, 633 
in vision, 849, 860 
Inhibitory action of nerves, 179 
parasympathetic, 275 
substance, 175, 190 
Injury current, 166 

IngnirieiS into Human Faculty, Oalton^a, 
142 

Insect, chcmoreceptors, 997, 1026 
heart-beat and temperature, 47 
light-intensity discrimiuation, 763 
photoreceptor process, 836 
retinal potential,. 849^ * 
visual acuity, 778 


(See also Ani, Blojw-fly larnfa, Cock- 
touch, Cricket, Meal worm. Moth, 
Ranatrn, Tent caterpillar, Tetraopes, 
IVasp) 

Insight, 509 

Inspiration-expiration ratio in decep- 
tion, 332 

Instinct, delayed, 461 
heredity, 141 
maturation, 352, 461 
moth, yucca, 352 

stimulus, adequate, neural pattern, 
493 

wasp, mud-dauber, 353 
Integration, 192 

in embryonic development, 367 
extra-neuronic factors, 4-62 
Intellectual work, 593 
and effort, 644 
maintainable level, 595 
Intelligence, growth, 462 
Intensity and area, 772, g52 
of auditory action-potential, 978 
brilliance as function, ^68 
chroma as function, 68g 
difference limen, auditory, 889 
discrimination, visual, 759 
and ocular elements, 786 
and flicker, 741, 748 
and latent period, vision, 834, 855 
law, learning, 487 

maximum and minimum, audition, 
888 

of stimulus, 1040 

and frequency of nerve impulses, 
171, 772, 787, 831, 1039 
neural correlates, 1040 
-time relation (See keciprocity law) 
visual acuity as function, 691 
(See also Loudness) 

Interference of habits, 546 
Internuncial neurons, 157 
Intertone, 899 

Introspective study of vision, 653 
of work, 578 

Irradiation of conditioned reflexes, 445 
of reflexes, 193 
theory of learning, 492 
Irreversibility at synapse, 182 

laraes-Lange theory, 300, 334 
experimental tests, 30i 
James’s principles of emotional expres- 
sion, 315 

Joint capsule sensitivity, 1072 

Kinaesthesis, 1072 

ICirschmann’s law, 686 

Knee conditioning, $92, 426 
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facilitation, 633 
by intellectual process, 636 
fatigue curve, 589 
in sleep, 589 
in trance, 589 
Kundt’s rule, 756 

Labyrinth, 204 
anatomy, 204 
evolution, 225, 234 
historical, 204 

location of functions in, 225 
methods of study, 206 
elimination, 207 
stimulation, 206 
caloric, 217 

Ewald’s pneumatic hammer, 207 
212, 218 

rotation rate, standard, 214 
Labyrinthectomy, 224 
unilateral, 212, 223, 224 
Labyrinthine reflexes, 207 
in abnormal humans, 223 
acceleratory, 207, 209, 215 
from angular acceleration, 209 
from linear acceleration, 216 
autonomic, 208 

on eye muscles, 209, 219 (see also 
Nysta0miis) 

latency of tonic, 222, 235 
on limb muscles, 215, 221 
list of, 208 

on neck muscles, 215, 220 
infant, 221 
positional, 207, 219 
on respiratory muscles, in duck, 220 
righting, 223 
static, 207 
statokinetic, 207 
stimulated by cold, 216 
electricity, 218 
heat, 217 

mechanical stimuli, 218 
tonic, 219 

on trunk muscles, 215, 221 
Labyrinths, right and left, relation, 213 
Language and emotional expression, 313 
neural process, 480 
(see also Verbal) 

Latent period and area, vision, 834, 836 
auditory action potential, 977 
conditioned reflex, 388, 429, 431 
and exposure period, 714 
and intensity', vision, 834, 855 
labyrinthine reflexes, tonic, 222, 235 
nystagmus, 214 
pain, 1066, 1069 
photosensoryj 714 
,and chemical reaction, 717 


postural reflexes, 222 
pressure, 1059 

Lateral-line receptors, 65, 68, 83 
Laughter, 323 
comic, 324 
joyful, 324 ^ 

Learned emotional expression, 313, 347 
Learning, 456 

active <vs> passive recall, 530 
and age, 521 
ant, 77 

belongingness, 560 

capacity, phylogenetic development, 
463 

closure, law, 486 

and completeness of lesponse, 486 
and conditioned reflex, 425, 469, 562 
conditions essential for, 559 
time, 563 

unconditioned responses, 563 
contiguity law, 483 
curve, 500 
plateaus, 506 
Vincent, 500 
definition, 497 

distribution of practice, 518 
and perseveration, 521 
progressive, 521 
drainage theory, 491 
effect, law, 484, 560 
exercise, law, 483, 560 
experimental studies, 497 
falsely assumed in animal behavior, 
51 

frequency, law, 484, 561 

growth of new neural processes, 488 

habit interference, 546 

increase in conducting substance, 489 

individual differences, initial and 

final, 550 

insight, 509 

intensity, law, 487 

irradiation theory, 492 

laws, 483, 560 

limits, phylogenetic development, 468 
logical, 487 

and maturation, 352, 373, 378 
in twins, 377 

maze, order of eliminating blind 
alleys, 537 

goal-gradient theory, 558 
methods of testing, 498 
age of stimulus, 498 
paired associates, 498 
recognition, 498 
reinstatement, 498 
saving, 498 

neural mechanisms, 456 
theories, 77, 488 
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structure, 469j 473 

peisistence of excitatorj processes, 49il 
and physiology of nerve conduction, 
473 

pleasure-pain theory, 4S5 
primacy, law, 4^ 

rate, phylogenetic development, 466, 
468 

and retention, 528 
reading <1^^. recitathm, 530 
lecency, law, 487, 560 
research methods, 497 
retroactive inhibition, 533 
similarity factor, 535 
lotc, and conditioned r<dlex, 424, 449 
synaptic theories, 490 
and temperature, insect, 77, 539 
transfer of tiaining, 546 
trial and error, 492 
vividness, law, 487 
whole pa It, 514 
of maze, 467 
(Sec also Keteniion) 

Light, 659, 667 
adaptation, 55, 733 
Umax, circus m(»vcinents, 12, 15 
tropihtic behavior, 53 
Limen (See ThreshM) 
action potent ion, eye, 829, 836, 841 
Limtilus, action potential, eye, 829, 836, 
841 

dark adaptation, 730 
Lizard, labyrinthine reflexcH, 215 
tonic immobility, 94 
Local excitatory procesn, 163 
sign theory, 1039 
Localization of engram, 472 
of neural function, 470, 477 
sensory areas, 1038 
Long circuiting in conduction, 192 
Loudness, $87 
and auditory fatigue, 916 
measurement, 889 
Lumen, 660 
Lumens per watt, 667 
Luster, 657, 690 

Macula (in labyrinth) 204, 205 
function, 227 
lutea, 663 

Magnet reaction, 232 
Mdacasoma, tropiatic behavior, IS, 25 
Mammal, decapitate, posture, 228 
decerebellate, posture, 229 
decerebrate, behavior, 178 
learning, 470 
posture, 228 
decorticate, 229 

labyrinthine reHextes on eye musclei, 


219 

on neck muscles, 221, 223 
nystagmus, 212 

Mammals, brain development and learn- 
ing limit, 468 
lower, brain, 228 

(See also Ape, Cat, Dog, Guinea Pig, 
Horse, Monkey, Mouse, Opossum, 
Rabbit, Rat) 

Masking of tones, 895 
Master reaction, chemical, 60, 64, 68 
Mathematical formulation of behavior, 
4, 11, 12, 34, 95 

simplicity needed, 733 
Maturation, 352, 461 
and heredity, 362 
instinct, 352, 461 
and learning, 373, 378 
and nutrition, 371 
^>s, practice, chick, pecking, 376 
twins, 377 
salamander, 368 

Maturational hypothesis of behavior 
development, 353 

Maze, circular, with camera lucida at- 
tachment, 523 
goal-gradient theory, 558 
order of eliminating blind alleys, 557 
Meal worm, phototropism, 23 
stereotropism, 7 

Measurable prediction, test of scientific 
method, 4 

M ech anicoreceptors, 990 
Mechanistic theory, 4, 155, 571 
Mediator, chemical, between nerve and 
muscle, 175, 191 

between neurons, 189 
Membrane theory of conduction, 167, 
171 

Memory curve, 544 
m. habit, 456 
and heredity, 109 
immediate, rat, 467 
logical, 487 

Mendelian heredity, IIS 
sex-linked character, dichromatism, 
689 

Mental work, definition, 572 
and metabolism, 576 
Metabolism in nerve, 171 
rate in emotion, 333 
and work, 573, 576 
mental, 576 

Microphoftic responses of auditory 
mechanism, 962, 969, 970 
Molecules, orientation at interfaces/ 
1018 

Monkey, cerebrum, 968 
Monochromatism, 689 
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Monocular criteria of depth, 694 
Moion, heredity, 134 
Moth, yucca, egg-laying, 352 
Motion, illusions, 697 
visual perception, 695 
and eye movement, 697 
threshold, 696 

Motor activity, gradation, 191 
theory of imagery, 481 
intellectual work, 593 
Mouse, age of pubescence, inheritance, 
365 ^ ^ 

periodicity of activity, 91 
respiration rate and temperature, 48, 
67 

Muscle, action potential, 165, 174 
conduction, similar to that of nerve, 
163-173 

contraction, 173 
and cold sensation, 1055 
Westphal’s paradoxical, 235 
fatigue, 172 
sensations from, 1072 
shortening reflex, 235 
skeletal, and autonomic fibers, 190 
smooth and striated, 162, 191 
tension and effort, 641 
measure, 640 
treppe, 624 
Musical scale, 902 

Mya^ light-intensity discrimination, 764 
reaction*time, photic, 712 
spectrum, sensibility, 752 

Nasal cavities, air movements, 998 
anatomy, 992 

Natural Inheritance, Galton’s, 135 
Nature and nurture in human behavior, 
140 

Neck reflexes on limb muscles, 222, 224 
latency, 222 

Nerve, action potential, 1 65, 829, 981 
after-potential, 166, 172 
in fatigued nerve, 172 
after-discharge, 181 
discharge, constant aspects, 1038 
density, 1040 
variable aspects, 1039 
fatigue, 172 
equilibration, 173, 980 
fiber, uzt and function, 1039, 1072 
two variables: frequency and time, 
1039 

impulse, 164 
inhibitory action, 179 
parasympathetic, 275 
metabolism, 171 
net, 156 

in higher animals, 161 
trunk m. reflex conduction, 176 


theories, 186 

(See also Conduction, Frequency) 
Nervous system, autonomic, 161 
in emotion, 339 
centralized <vs diffuse, 157 
evolution, 156 

higher levels, inhibitory action on 

lower levels, 292 

and learning, 469 

localization of sensory areas, 1038 

lower levels and learning, 470 

nerve-net vs, synaptic, 159, 161, 464 

parasympathetic, 267 

physiology, 155 

sympathetic, 267 

synaptic, oiigin, 159, 465 

vegetative, 161 

Neural function, extra-neuronic factors, 
462 

mechanism, auditory, 963 
of habit, 474 
inertia, 545 

in learning, 456, 469, 473 
theories, 488 
visual, 829 

patterns, development, 366 
heredity, 457 

^ organism as a whole, 367 
tissue, quantity, and learning, 469 
units, functional, 488 
ratios of intensity of excitation, 477, 
493 

Neurasthenia, competition of responses, 
626 

and exhaustion, 625 
Neurin,^ 491 
Neurobiotaxis, 459, 489 
Neurofibrils, function, 991 
Neuro-humor al basis of emotion, 264 
Neurohumors, 991 
Neuromuscular evolution, 155 
Neuron, association, 157, 159 
internuncial, 157 

sensory and motor, evolution, 159 
Newborn guinea pig, 354 
opossum, 358 
rabbit, 359 
rat, 357 

Noise and fatigue, 915 
tone, 891 

Nutrition and age of pubescence, rat, 
372 

Nystagmus, 209 
after-discharge, 213 
and brain stem, 209 
development in young pigeon, 373 
latency, 214 
optic, 212 

post-rotational, 211, 213, 214 
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quick phase, 210 
slow phase, 210 

Objective terminology, 987 

Ocular elements, number, and acuity, 

783 

and intensity, 773, 786 
Odors, classification, 1001 
Off-effect, in vision, 840, 844 
cochlear electric response, 973 
musical tone, 951 
Olfacties, 999 
Olfaction, 992 
adaptation, 1001 
Olfactometer, 999 
Olfactory cell, 994 
receptors, 990 
Onchidium, behavior, 10 
On-effect, auditory action potential, 981 
cochlear electric response, 973 
musical tone, 947 
Opossum, pouch-young, 358 
Optical illusions, 692 
Orientation, photic, quantitative de- 
scription, 18 
in situ, 21 
in transitu, 21 
Oscillometer, linear, 402 
Otolith, 204 
function, 225 

Oxygen consumption during work, 574 

Pain, 1037, 1058 
adaptation, 1064 
and adrenal secretion, 280 
conduction rate, 1067 
cornea, 1061, 1065 
emotional character, 1069 
end-organs, 1061 
free nerve endings, 1061, 1065 
frequency of impulses, 1067 
latent period, 1066, 1069 
nerve fibers, specific, problem, 1064, 
1069 

pattern, 1066 
summation, 1069 
w. pressure, 1066 
reaction-time, 1063 
referred, 1074 
spots, 1064 
stimuli, variety, 1063 
tension as stimulus, 1038 
threshold, 1059 
visceral, 1075 
Weber’s law, 1066, 1069 
Faired associates method, 498 
Paracusis, 914 

Parasympathetic nervous system, an- 
tagonism to sympathetic, 275 


conserver of bodily resources, 274 
definition, 267 
functions, 273 
restricted distribution, 273 
Passive response, 983 
Pattern of affective qualities, 1076 
behavior, origin during growth, 457 
of habit stimulus, 493 
hunger, 1037 
pain, 1066, 1069 
and quality, 1041 
of temperature sensations, 1058 
temporal, stimulus of conditioned re- 
flex, 417 

of visceral sensitivity, 1074, 1076 
Perception of position of the body, 223 
rotational, in nystagmus, 213 
and sensation in vision, 654 
space, ^ auditory, 904 
Periodicity, action potential, eye, 835, 
864 

activity, mouse, 91 
brain, goldfish, 69 
cortex, 871 

esophagus, contractions, 255 
hunger pangs, 249 
motoneuron, 857 
respiratory center, 69 
work capacity, 597 
(See also Spontaneous activity) 
Perseveration and distribution of prac- 
tice, 521 

Persistence, auditory, 901, 919 
Perspective, 658, 664, 690 
Phase, definition, 883 
relative, in hearing, 942 
Phenyl -thio-carbamide, taste, 1027 
Phi phenomenon, 697 
Pholas, photoreceptor process, 714 
spectrum sensitivity, 752 
Photochemical equivalence law, 707 
reaction, reversible, 55 
Photochromatic interval, 684 
Photometer, flicker, 687 
Photometric measures, 659 
Photon, 660 

Photopic adaptation, 673 
visibility curve, 665 
Photoreceptive process, 704 
chemical substances, 751 
end-organ discharge, 829 
off-effect, 840, 844 
periodicity, 835, 857, 864 
Physicochemical nature, 731 
stationary state, 736, 765, 776 
trigger mechanism, 732 
Phototropic effect, measurement, 12 
Phototropism, blow-fly larva, 20 
Ciona, 40 
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meal worm, 7 
Ranaira, 9 

with two light-sources, 18, 20 
Physics of behavior, 3 
Physiological vs. anatomical localiza- 
tion of neural functions, 478 
Physique, asthenic, athletic and pyknic, 
133 

fat and thin, 142 
Pigeon, young, nystagmus, 373 
Pinna, 925 
Pitch, 884 

discrimination, 885 
gradual change, 952 
physical criterion, 894 
of pure and compound tones, 894 
Pituitary gland in emotion, 337 
Placing reaction, 232 
center in cortex, 233 
Planarian, tropistic bchavioi, 23 
Plateaus, 506 

Pleasure absent in decorticate mammal, 
295 

and bright pressure, 343, 1076 
-pain theory of learning, 485 
(See also A0fclhr experience) 
Portamento, 952 
Positional perceptions, 223 
Postural reflexes, 178, 193, 205, 231, 233 
neck reflexes on limb muscles, 222, 224 
latent period, 222 

(See also Lahyrlnthine, Righting re- 
flexes) 

Posture, central mechanism, 228, 231 
complexity, 234 

subcorticate in lower mammals, 229 
and cerebellum, 231 
influence on reflexes, 185 
l^rediction, measurable, test of scientific 
method, 4 

Pressure sensations, bright and dull, 
343, 1076 
sense, 1037, 1058 
adaptation time, 1058 
after-image, 105$ 
and audition, 887 
end-organs, 1060 
free nerve endings, 1060 
gradient, 105$ 
latent period, 1059 
vs* pain, 1066 
reaction time, 628, 1059 
stimulating instrument, calibration, 
1059 

tension as stimulus, 1038 
thi'eshold, 105$ 
vibration stimulus, 1062 
frequency of nerve impulses, 1062 
WebePs law, 1059 


Primacy, law, 487 
Piopagated disturbance, 164 
Proprioceptive reflex, 181 
Protanopia, 688 

Protopathic and epicritic, 1069 
Protozoa, modifiability of behavior, 463 
Psychic secretion of saliva and gastric 
juice, 276, 277, 334, 383, 385, 409, 410 
tone of gastric musculature, 278 
Psychogalvanic reflex (See Electric 
skin reaction) 

Psychophysics of brilliance, 664 
chromatic phenomena, 189 
Psychosis, exhaustion, 625 
Puberty praecox, 369 

retarded by inanition, 372 
Pulsation of tone, critical ficquency, 
897, 901, 940 
Pupil, eye, 663 
conditioned reaction, 398, 427 
Purkinje phenomenon, 667 
Purples, 678 

Purposiveness and sense adaptation, 
738 

Pyknic, 133 

Qualities, affective, 1076 
olfactory, 1003 
sense-organ, 705 
taste, 1009 

Quality, sense, due to neural pattern, 
1041, 1078 

Quantitative theory of feeling, 1037, 
1077 

Quantum theoty and all-or-none law, 
771 

Quiet as a stimulus, 636, 637, 639 
(See also Silence) 

Eabbit cortex, rhythmic electric poten- 
tion, 871 

fetus and new born, 359 
labyrinthectomy, 224 
neck reflexes on limb muscles, 222 
retinal potential, 844 
Radiant energy, in vision, 659 
Radioreceptors, 990 
Rage and blood pressure, 279 
caudal hypothalamus, 28$ 
heart rate, 281 
Ranatra^ phototropism, 9 
Random movements, 20, 90 
Rat, activity, 92 
age and learning-rate, 377, 522 
backward association, $57 
circus movements, 13 
cortex, visual, 859 
eating, rate, 96 
fetus and new born, 359 
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geotropism, 27, 34, 41 
habit interference, 547 
learning maze, 501, 512 

distribution of practice, 519 
m. humans, 467, 516 
order of elimination of blind 
alleys, 558 

whole vs, part, 516 
straight long alley, 448 
memory, immediate, 467 
puberty age, inheiitance, 366 
retarded by inanition, 372 
reminiscence, 545 
sex act, female, maturation, 375 
behavior, male, neural mechanism, 
461 

stereotropism, 8 

transfer of training, 547 

wildness and savageness, inheritance, 

363 

Reaction mechanism, 155, 476 
summary, 194 
time, and age, 630 
audition, 628 
facilitation, 635 
complex, 631 

frog, foot, reaction to salts, 1012, 
1013 

muscular vs, sensorial, 630 
pain, 1063 
pressure, 1059 
ready signal, 630 
simple, 620 
stimulus area, 630 
duration, 630 
intensity, 630 
temperature sense, 1052 
touch, 628 
vision, 628 

foveal vs, peripheral, 629 
Recall method of testing retention, 498 
Recency law, learning, 487 
work decrement, 60S 
inhibitory and facilitative effects, 60S 
Recept, 987 

Receptive substance in chemoreceptor, 
991 

smooth muscle, 175 
taste cell, 1027 
Receptor, primitive, 157, 989 
Reciprocal innervation of antagonistic 
muscles, 179 

eye muscles, 220 

Reciprocity law, 14, 671, 707, 710 
Recitation and retention, 530 
Recognition method, 498 
Recovery of conditioned reflex, 449 
Recruitment, 181 
Reduced reflex time, 180 


Referred pain, 1074 
Reflex, achilles, 395 
arc, 160 
primitive, 159 

arcs, allied, reinforcement, 184 
axon, 161 

centers, anaesthesia, 184 
and blood supply, 184 
conduction, characteristics, 176, 181 
vs. nerve trunk conduction, 176, 181, 
186 

contralateral, 233 
crossed extension, 179, 180 
fatigue, 183 
flexion, 179, 180 
fundamental nature, 95 
influenced by posture, 185 
inhibition, 179, 184 
irradiation, 193 
patellar (See Knf^e jerk) 
proprioceptive, 181 
segmental, 233 
shoitening, 235 
spinal, 177 
summation, 182 
algebraic, 185 
spatial, 184 
threshold, 183 
time, reduced, 180 
work decrement, 589 
(See also Postural reflexes) 

Refractory phase, 168 
absolute, 168 
and distraction, 633, 634 
in mental work, 597 
relative, 168 

and vibration perception, 1062 
and work decrement, 605 
Regression toward mediocrity, 136 
Reinstatement method, 498 
Reissner’s membrane, 927 
Relations, reaction to, 486 
in learning, 487, 493 
Reminiscence, 543 

Repetition, effect on neural path, 484 
Repetitive responses, avoidance of, 605 
curve, 606 

Reptile, labyrinthine reflexes on neck 
muscles, 215, 220 

righting reflexes, 223 
tonic immobility, 94 
Research methods, electrical, 962 
(See also ScUnce, Terminology) 
Resistance to distraction, 638 
Resonance of hairs, 954 
sharpness, 944 
theory of hearing, 933 
reply to criticisms, 954 
Resonators, damping, 943 
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properties, summary, 94-6 
relations between properties, 943 
Respiration, conditioning, 401, 431 
labyrinthine influence, in duck, 220 
Respiratory reactions in deception, 332 
emotion, 331 
Response, passive, 983 
Rest periods in work, 584 
Retention of conditioned reflex, 434 
effect of active and passive recall, 
530 

loss due to interpolated activity, 533 
through disuse, 537 
methods of testing, 498 
age of stimulus, 498 
paired associates, 498 
recognition, 498 
reinstatement, 498 
saving, 498 
and recitation, 530 
reminiscence, 543 
and sleep, 537 
and speed of learning, 528 
verbal vs, non-verbal material, 540 
Retina, 663 
chromatic zones, 685 
fovea, dark adaptation, 725 
flicker, 741, 846 t * 

periphery, acuity, 692 , 

and brilliance, 670 
dark adaptation, 724 i 

flicker, 741 

inhibition absent, 854 
motion perception, 696 
reaction time, 629 
summation, 846 
(See also Rods md cones, Co\ 
hr dements) 

Retinal inhibition, 852 
interaction, 833 
synchronizing, 836, 857 
potential, 840 
rivalry, 690 

summation, spatial, 846 
Retroactive inhibition, 533 
similarity factor, 535 
Reverberation, central, 182 
Rheobase, 164 
Righting reflexes, 229, 230 
in fetal guinea pig, 357 
in infant, 221, 235 
optic, 230 

Rods and cones, 663, 724 

and BidwelPs ghost, 867 ' 
dark adaptation, 724 
duplicity theory, 776 
flicker, 741, 847 
sensitiveness, 847 
spectrum, 744 


Roscoe-Bunsen law, 14, 671, 707, 710 
Rotation, to stimulate labyrinth, 206 
standard rate, 214 

Rotational perceptions in nystagmu 
213 

Running, speed, 588 

Sacculus, function, 225 
Sacral autonomic, 274 
Salamander, maturation in absence of 
stimulation, 368 

Salivation, conditioned, 276, 385, 410 
Lashley’s salivary suction disk, 410 
measure, 387 
Salt taste, stimulus, 1011 
Saturation, 655, 809 
function of wave length, 676 
spectrum, 801 

Saving method of testing retention, 498 
Scale, musical, 902 
Science, definition, 3 
measurable prediction, test of, 4 
Scientific method, 3, 578,, 653 
(See also Research, Terminology) 
Scotopic adaptation, 674 
visibility curve, 665 
Selective breeding, 362 
age of pubescence, rat, 366 
locomotion, speed and pattern, horse, 
364 

Semicircular canals, 204 
Sensation and excitation, 988 
measurement, 889 
level, 891 

neural correlate, 987 
and perception in vision, 654 
vs, recept, 987 r 

Sense-cells, primary and secondary, 9h 
Sense organ, chemical mechanics, 991 

threshold, 707 

Sense organs, similarities and differ- 
ences, 704 

Sensitization period, 714 
Sensory appropriation, 990 
system as bufler, 738 
Sex act, female rat, maturation, 375 
behavior, decorticate cat, 294 
determined by gonads, 369 
hormone, 461 

male rat, neural mechanism, 461 
difference, facial expression, 321 
hormone, effect on nervous system, 
461 

Sherrington’s theory of conduction, 187 
Shock reaction vs* tropism, 10 
Shortening reflex, 235 
Silence, perception of, 952 
(See also Quiet) 

Ske and brilliance, 671 
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(’ifferencc, 899 
nmpure, 891 
naskinjjf^ S95 

>itch of pure and compound, 894 
. 4ure, 883 

comparative loudness, 896 
cessation, 951 
commencement, 947, 973 
number of fibers vibrating, 947 
perception, 947 
vowel quality, 884 

Tonic effect of sympathetic nerve dts- 
uarge, 270 
vagus, 278 

immobility in arthropods, 92 
lizard, 94 
Tonus, 190, 225 
Touch, reaction-time, 628 
Trace conditioned reflex, 422 
and rote learning, 449 
1 raining, effect on Individual differ- 
ences, $50 

I'rance, patellar reflex in, 589 
Transfer of training, 546 

common elements, neural basis, 477 
of decrement, 618 
common-element theory, 620 
Tremolo, 952 
'reppe, 624 

Vial and error learning, 492 
Trichromatism, anomalous, 688 
Trigger mechanism, 732 
1 ropism w. shock reaction, 10 
symmetrical stimulation^ 6 
'T^ropistic behavior, planarian, 23 
snails, 26, 50, 53 
tent caterpillar, 15, 25 
(See also Gahanoirepism, Geotrop^ 
Eommirophic refiex» Orientation, 
Phototropism, Stereotropism) 

Unconditioned reaction, 387 

compared to conditioned, as to in- 
tensity, 427 
latency, 429 

path in spinal cord, 433 
quality, 431 

lost (or not) in the conditioning 
process, 392, 426 

response, essential for learning, 563 
, stimulus, 387 
Upset, definition, 312 
and metabolic rate, 333 
subsidence, gradual, 282 
sudden, in decorticate mammal, 291 
Urination, conditioning, 411 
Urine secretion, conditioning, 411 
Utriculus, function, 226 
macula, 204, 205 


function, 227 

Vagus nerve, inhibitory action, 179, 
273 

tonic action, 278 
Variability of behavior, 39 
threshold of reflex excitation, 183 
Vasomotor constriction, and cold sen- 
sation, 1054 

conditioning, 404 
Vegetative nervous system, 161 
Verbal w. non-verbal material, reten- 
tion, 540 

Vertebrates, nervous system, 159 
olfactory organs, 996 
visual purple of fishes and land verte- 
brates, 756 

(See also Amphibian, Bird, Fisk, 
Mammal, Reptile) 

Vestibule (See Labyrinth) 

Vibration, tactual sensitivity to, 1062 
and frequency of nerve impulses, 
1062 

Vibrato, 323 

Viscera, lutonomic control in emotion, 
275 

Vise-’ » nerves and emotion, 265 
rf mses in emotion, 327 
8' ‘tivity, 1074 
in, 1075 

temperature, 1050 
Visibi ity coefficient, 666 
curves, 665 
Vision, 653 
abst '.tion, 657 
ani* , method of study, 778 

cen processes, 858 
COriwX, 697 
electric responses, 871 
dioptric process, 663 
four-spot experiment, 835, 846 
vs, hearing, 924 
inhibition, 849, 852, 860 
intensity, and acuity, 691, 774, 785 
and brilliance, 668 
and chroma, 683 
discrimination, 759 
and all-or-none law, 771 
and area, 772 

constant addition to photosensi- 
tive material, 765, 771 
discontinuity, 771 
and ocular elements, number, 
773, 786 

and flicker, 741, 748 

and frequency of nerve impulses, 

787 

and latent period, 834, 85$ 
latent period, and area, 834, 836 
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and chemical reaction, 717 
and exposure period, 71+ 
and intensity, 834, 855 
measures, photometric vs. radiometric, 
659 

neural correlations, 829 
projection field, subjective, 658 
reaction time, 628, 630 

foveal vs. peripheral, 629 
summation, 852, 854 
and thalamus, 858 
threshold, 852 
Webei*8 law, 760 
(See also Photoreceptive process) 
Visual acuity, color-blind, 777 
insects, 778 

and number of ocular elements, 785 
and retinal interaction, 8+9 
and stimulus characteristics, 691 
eclipse, 658 
field, subjective, 653 
form, binocular, 69+ 
distortions, 692 
monocular, 690 
motion perception, 695 
purple, Absorption spectrum, *^53 
of fishes and land vertebral *. 756 
photochemistry, 757 
space, general properties, 658 
theory,* 695 

stimuli, general description, 659 
Vitalism, 155, 193 • , * . 

Vividness, law, learning, 487 
Vocal expression of emotion, 322 
Voice, pitch, conditioning, 405 . 
Volition and conditioned reflex) \l7 
and fatigue, 626 

Volley theory of hearing, 932, 958 
Volume, auditory, 909 
theory of hearing, 931 
Voluntary tears, 325 

Warm, sensation, and muscle relaxa- 
tion, 1055 

vasodilation, 1054 
spots, 1050, 1053 
Warming up, 621 
Warmth and cold, 1049 

one sense or two? 1051 
paradoxical, 1053, 1056 
Wasp, mud-dauber, instinct, 353 
Vi^tt^s theory of hearing, 931 
Wa(ve-len|;th and acuity, 691 
and brilliance, 665 
composition and brilliance, 670 
and chroma, 676 
and elementary colors, 680 
and hde, 674 
and saturation, 676 


Weber-Fechner law, 80, 760 
audition, 889 
brilliance, 66$ 
circus movements, 13 
cochlear electric response, 973, { 
lateral-line receptors, 83 
pain, 1066, 1069 
photoreceptors, 760 
pressure, 1059 
temperature, 1051, 1057 
Wedensky effect, 184 
WestphaPs paradoxical contraction, 
White, and cones, Hecht, 808 
standard, 660, 795, 807 
Whole vs. part learning, 514 
maze, 467, 516 
Work, 571 

accuracy, and fatigue, 597 
arithmetical, 594 
curve, 580 

vs. learning curve, 61+, 616 
decrement, 579 
causes, 601 

chemical fatigue products, 60 
depletion of glycogen, 602 
other, 604 
principles, 605 
competition, 614 
frequency, accumulative, 609 
qualitative integrity of stimu 
617 

quantitative constancy of stii 
lus, 618 
recency, 60S 

strength of the given stimu' 
response connection, 616 
transfer of decrement, 618 
protective function, 587, 597 
in reflexes, 589 
and refractory phase, 605 
definition, 571 
distraction, 632 

by noise and quiet, 637, 920 
and refractory phase, 633 
resistance to, 638 
time relations, 632 
by weak stimulus, 634 
efficiency, curve, 598 
factors, 628 
effort, 639 
and attention, 641 
curve, 642, 643, 644 
definition, 639 
and distraction, 638 
intellectual work, 644 
measure, 640 
and muscular tension, 641 
and writing pressure, 639 
end spurt, 621 
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ener^jy transformations, 573 
ergoj^raphic, 580 
facilitation, 632 
and distraction, 632 
ircquency of stimulation, 607, 
632 

time relations, 632 
of a simple function by an in- 
tellectual one, 636 
fatigue, 579 (See Fatigue) 
fluctuation, 597 
intellectual, 593 
and effort, 6*14* 
introspective study, 578 
maintainable level, 583 
eigographic, 583 
intellectual, 595 
speed, 586 
mental, 572 
metabolism, 576 


muscular tension, 640 

oxygen consumption, 574 

and refractory phase, 597, 605, 633, 

634 

repetitive, 605 
rest periods, 584 
satisfyingness, 599 
sleep, lack of, 627 
speed, 586 
tapping, 586 
warming up, 621 
writing, 593 

Worm, chemical sense, 1017, 1019, 1020 
learning, 465 
nervous system, 157 
Writing, increase in size with fatigue, 
^93 

A pressure, and effort, 639 
»^nes, chromatic, 685 




